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Preface

vii

Molecular pathology now is recognized as an area of pathology specialty practice, with
the first molecular genetic pathology board examination having been given by the Amer-
ican Board of Pathology and the American Board of Medical Genetics in November 2001.
The anatomic and clinical pathology boards given by the American Board of Pathology
also have an increasing emphasis on molecular pathology expertise in general pathol-
ogy practice. The clinical practice of molecular pathology is becoming fundamental to
almost every aspect of healthcare delivery, assisting with diagnosis of disease, thera-
peutic choice, therapeutic outcome monitoring, prognosis, prediction of disease risk,
directing preventive strategies, beginning-of-life choices, patient and specimen
identification, and clinical epidemiology. With this growing emphasis on molecular
pathology, the publication of a textbook focused on the clinical practice of molecular
pathology is very timely.

Molecular Pathology in Clinical Practice addresses all areas of molecular pathology
clinical practice in a single textbook: molecular biology basics, genetics, infectious dis-
eases, hematopathology, solid tumors, HLA typing, identity testing, and laboratory man-
agement. While other textbooks cover selected aspects of molecular pathology practice,
or cover each of the areas of molecular pathology practice in a single chapter, each type
of molecular pathology testing is not covered at a level of detail sufficient as a reference
for molecular pathology practice. The purpose of this textbook is to provide a compre-
hensive reference for the practicing molecular pathologist, and to have some level of use-
fulness for practicing pathologists not specializing in molecular pathology, clinical
colleagues, and trainees. This textbook is not meant to be a recipe book for molecular
tests currently in clinical practice, simply because the specifics of testing change as new
technologies emerge and are applied to clinical practice. Instead, the emphasis is on the
molecular variations being detected for clinical use, how test results are used, and clin-
ical and specific laboratory issues that require special attention.

Molecular Pathology in Clinical Practice aims to present the current state of our knowl-
edge about this clinical practice. Because molecular pathology clearly is a rapidly chang-
ing field, with our knowledge of genomics increasing exponentially, the textbook likely
will need regular updates. Some of the chapters present relatively nascent knowledge
that is anticipated to be useful for clinical practice in the future, while other chapters
present testing that is better established. My hope, as editor of this textbook, is that many
editions will be needed in the future as we continue to apply the fruits of the Human
Genome Project to the practice of medicine, resulting in improved outcomes for our
patients.

Debra G.B. Leonard, MD, PhD
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Chapter 1
Basics of Molecular Biology
Deborah Ann Payne

range in size from 33 bp to 230 bp2 and first gained notori-
ety in the 1950s by being associated with antibiotic resist-
ance in bacteria.3,4 Transposons also may confer antibiotic
resistance on the host bacteria. All these genetic elements
exist in direct contact with the bacteria’s cytoplasm.

Eukaryotic Cells

Cytoplasm

In contrast to prokaryotic cells, eukaryotic cells are
complex, highly compartmentalized structures. The cyto-
plasm contains multiple membrane-bound compartments
known as organelles. The cellular membrane separates 
the cellular cytoplasm from the external environment.
The membranes consist of hydrophobic lipid bilayers. The
lipid bilayer contains proteins that serve as receptors and
channels.

Nucleus and Nucleolus

The nucleus of the cell contains the cell’s linear chromo-
somes and serves as the primary locus of inherited genetic
material. Inner- and outer-pore-containing membranes 
define the nucleus and separate the chromosomes from 
the surrounding cytoplasm. Further partitioning occurs
within the nucleus to generate the nucleolus, which 
functions as the ribosome-generating factory of the cell.
Instead of additional membranes, fibrous protein com-
plexes separate the nucleolus from the rest of the nucleus.
In this structure, the nucleolus organizer (a specific part of
a chromosome containing the genes that encode ribosomal
RNA) interacts with other molecules to form immature
large and small ribosomal subunits. Following process-
ing, immature subunits exit the nucleolus and enter the
nucleus. Eventually, mature ribosomal subunits and other
molecules exit the nucleolus through the nuclear pores and
enter the cytoplasm.

1

Introduction

Molecular biology entails the analysis and study of the
chemical organization of the cell. Molecules comprise the
smallest chemical component capable of performing all 
the activities (structural or catalytic) of a substance. One
or more atoms constitute each molecule. This chapter
describes the physical organization of cells, cellular
organelles, and molecules important in cell division, inher-
itance, and protein synthesis.

Organization of the Cell

The cell is a mass of protoplasm surrounded by a semi-
permeable membrane.1 Cells constitute the smallest
element of living matter capable of functioning inde-
pendently; however, within complex organisms, cells may
require interaction with other cells. To function independ-
ently, cells must produce nucleic acids, proteins, lipids, and
energy. In complex organisms, these organic processes
form and maintain tissues and the organism as a whole.

Genes consist of discrete regions of nucleic acids that
encode proteins, and control the function of the cell.
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
comprise the two types of nucleic acids found in all cells.
Chromosomes, made up of double-stranded DNA com-
plexed with proteins, contain all the genes required for the
cell to live and function.

Prokaryotic Cells

Prokaryotic cells are simple organisms lacking subcellular
compartments, such as bacteria. The majority of prokary-
otic nucleic acids form circular strands comprising
approximately 1 × 106 base pairs (bp) (Table 1-1). Addi-
tional extrachromosomal genetic elements consist of cir-
cular plasmids also known as episomes and linear mobile
genetic elements called transposons (30–40 bp). Plasmids
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Mitochondria

Mitochondria are membrane-bound organelles within the
cytoplasm of cells that have several cellular functions.
Inheritable genetic material, independent from the nuclear
chromosomes, resides in mitochondria. These maternally
derived organelles contain their own circular chromo-
somes (16,569 bp) and replicate independently from the
cell and one another. As a result, not all mitochondria in 
a given cell have the same mitochondrial chromosomal
sequence, resulting in genetic diversity of these organelles
within and between different cells of the same organism,
which is known as heteroplasmy. Mitochondrial genes
encode mitochondria-specific transfer RNA molecules
(tRNA). In addition, the mitochondrial chromosomes
contain genes that encode proteins used in oxidative phos-
phorylation, including subunits of the cytochrome c
oxidase, cytochrome b complex, some of the ATPase
complex and various subunits of NAD dehydrogenase.
Other components of the oxidative phosphorylation path-
way are encoded by nuclear genes. For this reason, not all
mitochondrial genetic diseases demonstrate maternal
transmission. Analysis of mitochondrial DNA has applica-
tions for diagnosis of mitochondrial-inherited genetic dis-
eases as well as for forensic purposes in the identification
of severely decomposed bodies.

Other Cellular Organelles

Membranes not only segregate heritable genetic molecules
into the nucleus and mitochondria, but also separate
various cellular functions into distinct areas of the cell. The
compartmentalization of cellular functions, such as molec-
ular synthesis, modification, and catabolism, increases the
local concentration of reactive molecules, thus improving
the cell’s biochemical efficiency. This partitioning also pro-
tects inappropriate molecules from becoming substrates
for these processes. One example of this segregation is the
endoplasmic reticulum (ER), which consists of a complex
of membranous compartments where proteins are synthe-
sized. Glycoproteins are synthesized by ribosome-ER com-
plexes known as rough ER (RER), while lipids are produced
in the smooth ER. The Golgi apparatus consists of numer-
ous membrane-bound sacs where molecules generated in
the ER become modified for transportation out of the cell.

In addition, peroxisomes and lysosomes segregate diges-
tive and reactive molecules from the remainder of the 
cellular contents to prevent damage to the cell’s internal
molecules and infrastructure.

Biological Molecules

Carbon can covalently bond to several biologically impor-
tant atoms (i.e., oxygen, hydrogen, and nitrogen) and forms
the scaffold for all biomolecules. Basic subunit biomole-
cules can combine to form more complex molecules such
as carbohydrates, nucleic acids, and amino acids.

Carbohydrates

Carbohydrates serve as energy reservoirs and are a com-
ponent of nucleic acids. In addition, carbohydrates also
attach to lipids and proteins. The basic unit of a carbo-
hydrate consists of the simple sugars or monosaccharides.
These molecules have carbon, oxygen, and hydroxyl groups
that most commonly form ringed structures. The oxygen
can react with the hydroxyl group of another simple sugar
to form a chain. As a result, the formula for a simple sugar
is (CH2O)n, where n represents various numbers of these
linked building block units.

Two pentose sugars, deoxyribose and ribose, comprise
the sugar element of DNA and RNA molecules, respec-
tively. As the name indicates, deoxyribose (“de-,” a prefix
meaning “off” and “oxy,” meaning “oxygen”) lacks one
hydroxyl (OH) group compared to ribose.

Nucleic Acids

Nucleic acids are composed of chains of nucleotides.
Each nucleotide is composed of a sugar (either ribose or
deoxyribose), a phosphate (-PO4) group, and a purine or
pyrimidine base. The nucleotides are joined into a DNA 
or RNA strand by a sugar-phosphate-linked backbone with
the bases attached to and extending from the first carbon
of the sugar group. The purine and pyrimidine bases are
weakly basic ring molecules, which form N-glycosidic
bonds with ribose or deoxyribose sugar. Purines are com-
prised of two rings, a six-member ring and a five-member
ring (C5H4N4), while pyrimidines consist of a single six-
member ring (C4H2N2). Purines (guanine, G, and adenine,
A) pair with pyrimidines (cytosine, C, and thymine, T) via
hydrogen bonds between two DNA molecules (Figure 1-1).
The additional hydrogen bond that forms between G and
C base pairing (i.e., three hydrogen bonds) dramatically
enhances the strength of this interaction compared to the
two hydrogen bonds present between A and T nucleotides.
This hydrogen-bonding capacity between G : C and A : T
forms a pivotal molecular interaction for all nucleic acids
and assures the passage of genetic information during

Table 1-1. Comparison of DNA Sizes of Various Genetic 
Elements

Genomic Element Size in Base Pairs

Human chromosome 1–3 × 109

Bacterial chromosome 1–4 × 106

Mitochondrial chromosome 16,569
Bacteriophage 39,000
CAM plasmid 230
R388 plasmid 33
Transposons 30–40
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DNA replication, RNA synthesis from DNA (transcription),
and the transfer of genetic information from nucleic acids
to the amino acids of proteins.

Amino Acids

Amino acids are the building blocks of proteins. Amino
acids linked together via peptide bonds form large,

complex molecules.Amino acids consist of an amino group
(NH3), a carboxy group (COO−), an R group, and a central
carbon atom. The R group can be a simple hydrogen, as
found in glycine, or as complex as an imidazole ring, as
found in histidine. Twenty different R groups exist; and
determine whether an amino acid has a neutral, basic,
or acidic charge (Table 1-2). The amino group of the poly-
peptides is considered the beginning of a protein (N-
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Figure 1-1. DNA base pairing. DNA nucleotides are composed of
three moieties (e.g., sugar, base, and phosphate groups). The bases
are either purine (adenine and guanine) or pyrimidine (thymine and
cytosine). Note the difference in hydrogen bonds between adenine
and thymine base pairs, with two hydrogen bonds, compared to cyto-
sine and guanine base pairs, with three hydrogen bonds. (Reprinted

from Leonard D. Diagnostic Molecular Pathology, copyright 2003, with permis-

sion from Elsevier.)

Table 1-2. Amino Acids

Amino Acid
Symbols

Amino Three Single
Acid Letter Letter R Group

Alanine ala A CH3—CH(NH2)—COOH
Arginine arg R HN=C(NH2)—NH—(CH2)3—CH(NH2)—COOH
Asparagine asn N H2N—CO—CH2—CH(NH2)—COOH
Aspartic acid asp D HOOC—CH2—CH(NH2)—COOH
Cysteine cys C HS—CH2—CH(NH2)—COOH
Glutamine glu Q H2N—CO—(CH2)2—CH(NH2)—COOH
Glutamic acid gln E HOOC—(CH2)2—CH(NH2)—COOH
Glycine gly G NH2—CH2—COOH
Histidine his H NH—CH=N—CH=C—CH2—CH(NH2)—COOH
Isoleucine ile I CH3—CH2—CH(CH3)—CH(NH2)—COOH
Leucine leu L (CH3)2—CH—CH2—CH(NH2)—COOH
Lysine lys K H2N—(CH2)4—CH(NH2)—COOH
Methionine met M CH3—S—(CH2)2—CH(NH2)—COOH
Phenylalanine phe F Ph—CH2—CH(NH2)—COOH
Proline* pro P NH—(CH2)3—CH—COOH
Serine ser S HO—CH2—CH(NH2)—COOH
Threonine thr T CH3—CH(OH)—CH(NH2)—COOH
Tryptophan trp W Ph—NH—CH=C—CH2—CH(NH2)—COOH
Tyrosine tyr Y HO—p—Ph—CH2—CH(NH2)—COOH
Valine val V (CH3)2—CH—CH(NH2)—COOH

*Proline has a ring shape arising from the covalent bond formed between the amino group and the central carbon.
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terminus), while the carboxyl group is at the opposite end,
providing directionality to the protein.

Genetic Molecules

Nucleic acids encode genetic information but also partici-
pate in additional physiological processes ranging from
metabolism to energy transfer. Nucleotides constitute the
monomeric units of nucleic acids (Figure 1-1). Nucleosides
consist of two components (ribose or deoxyribose in RNA
and DNA, respectively, and either a purine or pyrimidine
base). A nucleotide is produced from a nucleoside by the
addition of one to three phosphate groups through a cova-
lent bond with the hydroxyl group of the 5′ carbon of the
nucleoside’s sugar ring.

Nucleic acids are formed by chains of nucleotides linked
by phosphodiester bonds between the 3′ carbon of the first
nucleotide’s sugar ring and the 5′ carbon of the adjacent
nucleotide’s sugar ring. The phosphodiester linkages cause
nucleic acids to have a 5′ to 3′ directionality. The alternat-
ing sugar-phosphate chain forms a continuous molecule
with bases extending from the 1′ carbon of each sugar. For
this reason, the sugar-phosphate chain is referred to as the
backbone of nucleic acids (Figure 1-2). The phosphate
groups give nucleic acids a negative charge that imparts
important physiochemical properties to nucleic acids. The
negative charge of DNA facilitates the binding of mam-
malian DNA to various proteins and allows separation of
nucleic acid molecules by charge and size during gel or
capillary electrophoresis.

Structure

In double-stranded DNA, the two DNA strands are held
together by exact A : T and G : C hydrogen bonding between
the bases of the two strands, in which case the two strands
are said to be complementary. The two strands are oriented
in opposite 5′ to 3′ directions, such that one strand is ori-
ented 5′ to 3′ (↓) and the complementary strand is oriented
3′ to 5′ (↑) in an antiparallel fashion (see Figure 1-2). In
this case, “anti-” refers to the head (or 5′ end) of one DNA
strand being adjacent to the tail (or 3′ end) of the opposite
strand.

The molecular curves of the two DNA strands form
antiparallel helices known as the DNA double helix. This
double helix form (the B form) has ten nucleotide pairs
(base pairs) per turn, occupying 3.4 nm. Because the bonds
between the sugar and the base are not perfectly symmet-
rical, the strands curve slightly. The slight curve of the offset
glycosidic bonds results in major and minor grooves char-
acteristic of the B form of the double helix.5 Many molecu-
lar diagnostic assays target the minor groove of DNA with
sequence-specific probes known as minor groove binding
(MGB) probes. Two other forms of DNA exist as the Z and
A forms. The Z form acquires a zigzag shape, while the A
form has a very shallow and very deep groove.

Thermodynamics of Nucleotide Base Pairing

Thermodynamics plays a major role in the structure and
stability of nucleic acid molecules. The core mechanism of
nucleic acid thermodynamics centers on the hydrogen-
bonding capabilities of the nucleotides. The stability of
these interactions not only influences the formation and
stability of duplex nucleic acids but also impacts the struc-
ture and catalytic characteristics of single-stranded nucleic
acids through intramolecular base pairing. In addition 
to these physiological functions, the phenomenon of
complementary base pairing profoundly impacts clinical
diagnostic assay development. Prior to the advent of
clinical molecular diagnostic testing, many diagnostic 
tests required obtaining an antibody to identify or detect a
target protein. The procedures for generating and validat-
ing diagnostic antibodies required extensive time and
expense. The application of techniques utilizing the capa-
bility of two molecules to form a base pair as the basis for
detection and characterization of target nucleic acids has
greatly facilitated diagnostic test development. The forma-
tion of hydrogen bonding between two pieces of nucleic
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Figure 1-2. Double-stranded DNA. The two DNA strands are oriented in an antiparallel
relationship, with asymmetric base pairing of two DNA strands that generates the minor
and major grooves of the DNA double helix. (Reprinted from Leonard D. Diagnostic Molecular

Pathology, copyright 2003, with permission from Elsevier.)



1. Basics of Molecular Biology 5

acid is called hybridization, or annealing, and the disrup-
tion of the hydrogen bonds holding two nucleic acid mol-
ecules together is called denaturation, or melting. The fact
that molecular diagnostic tests use hybridization tech-
niques based on A : T and G : C base pairing underscores the
necessity for understanding the thermodynamics of hydro-
gen base pairing of nucleic acids.

Short pieces of DNA or RNA called probes, or primers,
that contain a specific sequence complementary to a
disease-related region of DNA or RNA from a clinical spec-
imen are frequently used in the molecular pathology labo-
ratory. To achieve hybridization of a DNA or RNA probe to
genomic DNA for a diagnostic test, the two genomic DNA
strands must be separated, or denatured, prior to probe
hybridization. Increasing the temperature of a DNA mole-
cule is one mechanism for disrupting the hydrogen bonds
between the DNA base pairs and denaturing double-
stranded DNA into single-stranded form. The temperature
at which 50% of the double-stranded DNA molecules sep-
arate into single-stranded form constitutes the melting
temperature (Tm). The shorter the two complementary
DNA molecules are, the easier it is to calculate the Tm.
This primarily results from the decreased likelihood of
nonspecific intramolecular annealing or base pairing 
compared to inter- and intramolecular base pairing. The
simplest and least accurate formula for determining the Tm

for short double-stranded DNA multiplies the sum of the
G : C base pairs by 4 and multiplies the sum of the A : T base
pairs by 2 and then adds these numbers together.

Tm = [4(G : C)] + [2(A : T)]

Although this is the least accurate method for calculation
of the Tm of a double-stranded DNA molecule, it mathe-
matically illustrates that G : C bonds are roughly twice the
strength of A : T bonds. This formula works fairly well for
short DNA molecules (i.e., ≤18 bp); however, as the length
of the DNA molecule increases to 100 bp, the nearest neigh-
bor Tm calculation for DNA and RNA is more accurate.6,7

where

∆H = enthalpy of the nucleic acid fragment
∆S = entropy of the nucleic acid fragment

R = 1.987 cal K−1 mol−1

Ct = total strand concentration

For longer sequences (>100 bp), the most accurate formula
for calculation of Tm is as follows:8

Tm = 81.5 + 16.6 log [NA] + 0.41 [%G = %C} − 0.65 
(% formamide) − 675/length − % mismatch

Table 1-3 demonstrates the effect of increasing the relative
amounts of G : C base pairs on the Tm using these 
formulas.

Intramolecular base pairing also generates complex
three-dimensional forms within single-stranded nucleic

T
H

S R Ct
m =

+ ( ) −∆
∆ ln

.273 15

acid molecules. As a result, the single-stranded nature of
eukaryotic RNA molecules affords great structural diver-
sity via intramolecular base pairing. These conformations
strain the linear RNA molecule and produce chemically
reactive RNA forms. Catalytic RNA molecules play pivotal
roles in cellular functions and in gene-targeting therapies.

Intra- and intermolecular base pairing can negatively
affect hybridizations. Dimers, bulge loops, and hairpin 
loops exemplify some of these interactions. Hairpins inhibit
plasmid replication and attenuate bacterial gene expression.2

These detrimental effects may also include initiation of
spurious nonspecific polymerization, steric hindrance of
hybridization of short stretches of nucleic acids (i.e., 10 to 
30 base pieces of single-stranded nucleic acids, known as
oligomers or primers), and depletion of probes or primers
away from the specific target by either primer dimerization
or other mechanisms. These interactions can result in poor
sensitivity or poor specificity for diagnostic molecular tests.

Topology

The DNA and RNA molecules assume various geometric
shapes or topologies that are independent of base pair
interactions. Eukaryotic nucleic acids take on linear forms,
in contrast to the circular forms of mitochondrial and 
bacterial chromosomal DNA. Viral genomes occur as dif-
ferent forms, ranging from segmented linear to circular.
Although the conformation of RNA molecules can be
complex via intramolecular base pairing, the topology of
messenger RNA (mRNA) molecules is primarily linear. An
organism’s genomic topology influences the biochemical
mechanisms used during replication and the number of
replication cycles a given chromosome can undertake. In
contrast to circular genomes, linear genomes limit the total
number of possible replication cycles due to progressive
shortening of the linear chromosome.

Mammalian Chromosomal Organization

The human genome contains approximately 109 base pairs
of DNA. The total DNA is contained in 46 double-stranded

Table 1-3. Melting-Temperature Calculations for Short Oligomers

Total Number of Number of A:T +
Length G:C A:T Tm* %G:C† G:C‡

30 30 0 106.2 100.0 100.0
30 25 5 101.2 93.2 100.0
30 20 10 89.5 79.5 90.0
30 10 20 83.4 72.7 80.0
30 0 30 71.6 59.0 60.0
20 20 0 90.4 88.8 80.0
20 10 10 72.7 65.1 60.0
20 0 20 55.9 47.8 40.0

*Nearest neighbor calculation of Tm.6

†Tm method for sequences over 100 bases.8

‡ 4(G + C) + 2(A + T) formula.
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DNA pieces complexed with proteins to form chromo-
somes. The diploid human genome, therefore, is contained
in 46 chromosomes: two of each of the 22 autosomal chro-
mosomes, plus either two X chromosomes, in females, or
one X and one Y chromosome, in males. Since the length
of each helical turn of a double-stranded DNA molecule is
3.4 nm, consisting of ten bases, the length of the total
genomic DNA in each cell measures approximately 1 m in
length. For each cell to contain this long molecule, the
double-stranded DNA must be compressed. A complex of
eight basic histones (two copies of histone 2 [H2], H3, H4,
and H5) package the DNA.9 The histone complex contains
positively charged amino acids that bind to 146 bases of
negatively charged DNA. Histones fold the DNA either 
partially or tightly, resulting in compression of the DNA
strand. Tight folding of the DNA condenses the DNA into
heterochromatin. Following packaging and condensation,
the nucleic acid strand widens from 2 nm to 1400 nm, with
extensive overall shortening of the nucleic acid in the
metaphase chromosome. Light microscopy easily permits
the visualization of condensed metaphase chromosomes.

Less-condensed DNA binds histone 1 (H1) proteins or
other sequence-specific DNA-binding molecules. Some of
these DNA-binding molecules regulate gene expression
(discussed later in this chapter). In contrast, tightly con-
densed chromosomes lack the “open spaces” for binding of
regulatory proteins and prevent gene expression from
tightly condensed DNA regions. These proteins may also
prevent access to nucleic acid probes or primers for molec-
ular diagnostic tests.As a result, many DNA extraction pro-
tocols include a protein-digestion step to liberate the DNA
from these DNA-binding proteins. Removal of these pro-
teins facilitates hybridization with short pieces of nucleic
acid, such as primers or probes.

DNA Replication

Eukaryotic DNA Replication

The replication of DNA is a complex process requiring
specific physiological temperatures and a host of proteins.
As mentioned previously, molecular diagnostic techniques
rely on the ability to denature or melt a double-stranded
DNA template. Using chemical or physical conditions, sep-
aration of DNA strands can be accomplished with alkali 
or high temperatures (i.e., 95°C). Under physiological 
conditions, dissociation of DNA strands for replication is
accomplished by numerous enzymes, such as helicases and
topoisomerases. The region of transition from the double-
stranded to separated single-stranded DNA is called the
replication fork. The replication fork moves along the
double-stranded DNA molecule as replication proceeds. At
the replication fork, various primases, initiating proteins,
and polymerases bind to the original or parental DNA
strands and generate new daughter strands. Known collec-
tively as a replisome, these enzymatic activities generate

two new nucleic acid strands that are complementary to
and base paired with each of the original two template or
parent DNA strands. This replication process is known as
semiconservative because each resulting double-stranded
DNA molecule consists of one new and one old DNA strand
(Figure 1-3).

Polymerases function to synthesize new nucleic acid
molecules from nucleotide building blocks. The sequence
of the new strand is based on the sequence of an exist-
ing nucleic acid molecule, and the polymerase adds
nucleotides according to the order of the bases of the
parent strand, using G : C and A : T pairing. The new strand
is antiparallel to the parent strand and is synthesized in a
5′ to 3′ direction. Of the two parent strands of genomic
DNA, one strand (called the leading strand) can be read by
the polymerase continuously in a 3′ to 5′ direction, with the
new strand generated in a continuous 5′ to 3′ direction. In
contrast, the opposite strand (known as the lagging strand)
cannot be read continuously by the polymerase. The repli-
cation fork moves along the lagging strand in a 5′ to 3′
direction, and polymerases synthesize only by reading the
parent strand in a 3′ to 5′ direction while synthesizing the
new strand in a 5′ to 3′ direction. Therefore, synthesis
cannot proceed continuously along the lagging strand,
which must be copied in short stretches primed from RNA
primers and forming short DNA fragments known as
Okazaki fragments. The new strand complementary to the
lagging strand is formed by removal of the RNA primer
regions and ligation of the short DNA fragments into a
continuous daughter strand complementary to the lagging
strand. Discontinuous 3′ to 5′ replication results in the 
progressive loss of ends of the chromosomes known as
telomeres in normal cells. Some malignant cells retain
telomerase activity that permits the addition of these 
terminal telomeric sequences to the chromosomes.

While replication requires many proteins, the poly-
merase determines the speed and accuracy of new strand
synthesis. The rate that the four nucleotides are polymer-
ized into a nucleic acid chain defines the processivity of the
enzyme. The processivity of most polymerases approxi-
mates 1000 bases per minute.

Replicated DNA
double helixes

Leading strand

Okazaki fragments

Original DNA
double helix 3’

3’

5’

5’

Lagging strand

Primers
DNA

 polymerase

DNA helicase

DNA polymerase

Figure 1-3. DNA replication. Replication fork depicting the leading and lagging strands
and the numerous proteins and Okazaki fragments involved with replication. (Reprinted

from Leonard D. Diagnostic Molecular Pathology, copyright 2003, with permission from Elsevier.)
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The fidelity of the polymerase refers to the accuracy of
the enzyme to incorporate the correct complementary
bases in the newly synthesized DNA. Incorporation of
incorrect bases or other replication errors can result in cell
death or oncogenesis. The error rate of polymerases varies
widely from 1 in 1200 to 1 in 1,000,000 bases (Table 1-4).
To correct the erroneous incorporation of bases or other
replication errors, protein complexes proofread and
correct synthesis errors. In normal cells, the cell cycle
pauses to facilitate error repair in the G2 phase of the cell
cycle (Figure 1-4). Malignant cells may not pause to allow
for error correction, resulting in the accumulation of
damaged or mutated DNA.

The complexity of the biochemical reactions necessary
for replicating eukaryotic nuclear DNA demonstrates a
high degree of regulation for generating two strands from
one replication fork. In addition to these complexities,
replication in eukaryotic cells occurs at multiple origins of

replication (Ori). These multiple sites grow progressively
until the newly generated strands join to form complete
chromosomal-length DNA.

Bacterial and Mitochondrial Replication

The relatively small chromosomes of bacteria (~106 base
pairs) utilize a simpler mechanism than eukaryotic 
replication. A single origin of replication initiates the
duplication of the bacterial chromosome, and replication
occurs simultaneously on both strands in opposite direc-
tions from the origin of replication. This efficient replica-
tion process depends on the circular topology of the
bacterial genome.

Another unique feature of prokaryotic chromosomal
replication is the mechanism bacteria have evolved to
protect their chromosomes. The lack of a protective
nuclear membrane in bacteria makes the chromosome sus-
ceptible to attack by viruses (bacteriophages). As a result,
many bacteria produce restriction enzymes that degrade
foreign nucleic acids. These restriction enzymes recognize
specific short sequences and cleave the DNA at those sites.
However, methylation of the recognition sequences in the
bacterial chromosomal DNA prevents most restriction
enzymes from digesting the chromosomal DNA of the bac-
teria. In this way, methylating enzymes add methyl groups
to the replicated bacterial chromosome, preventing chro-
mosomal degradation by its own restriction enzymes. This
methylation and restriction process functions as a primi-
tive immune system by destroying foreign bacteriophage
DNA before it can usurp the bacteria’s replication system.
Bacterial restriction enzymes are used to specifically cleave
DNA in molecular diagnostic tests and are useful for iden-
tifying genetic variations.

Additional types of replication occur in some viruses
and bacteria. The rolling-circle mechanism of replica-
tion proceeds with an initial single-strand cut or nick in
double-stranded circular genomes, followed by replication
proceeding from the nick in a 5′ to 3′ direction. The new
strand displaces the old strand. RNA viral genomes use the
enzyme transcriptase for replication. In the case of retro-
viruses, a reverse transcriptase generates an intermediate
DNA molecule, which integrates into the host chromosome
and then is used for generation of progeny RNA molecules.
The high error rate of human immunodeficiency virus
(HIV) reverse transcriptase produces numerous mutations
in the viral genome.10,11 Some of these mutations confer
resistance to antiretroviral therapies and can be identified
by clinical molecular tests.

Cell Division and Cell Cycle

In eukaryotic cells, the cell cycle refers to the entire process
of generating two daughter cells from one original cell,
with chromosomal replication as one of the steps. The two
parts of the cell cycle are called interphase and mitosis.

Table 1-4. Fidelity of Various Polymerases

Polymerase Error Rate

pol β* 8 × 10−4

pol α* 1 × 10−4

pol θ* 1.7–4 × 10−5

Pfu† 1.3 × 10−6

Deep vent† 2.7 × 10−6

Vent† 2.8 × 10−6

Taq† 8 × 10−6

UITma† 55 × 10−6

Klenow‡ 1–10 × 10−7

HIV reverse transcriptase 6–30 × 10−4

*Reference 37.
†Reference 38.
‡ Reference 39.
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Figure 1-4. Cell cycle. The clear panels are the ordered phases of mitosis (M phase),
while the gray and black panels are the ordered stages of interphase. P, prophase; PM,
prometaphase; MET, metaphase; A, anaphase; T, telophase; G1, gap 1; S, DNA synthesis;
G2, gap 2.
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DNA synthesis occurs during interphase and consists of
three stages: gap 1 (G1), synthesis (S), and gap 2 (G2)
(Figure 1-4). Regulation of cell division depends on specific
cell-cycle-dependent proteins known as cyclins and growth
factors. Some of these factors cause the cycle to progress
while others stop the cycle at certain stages. Checkpoints,
or times when the cycle may be paused, exist at the G1/S
and G2/mitosis interfaces and allow the cell time to repair
any DNA damage that may be present in the cell before and
after replication of the DNA, respectively.

Growth factors initiate the G1 phase via cell surface
receptors. Several molecular events such as the dephospho-
rylation of the retinoblastoma protein and cyclin binding to
cyclin-dependent kinases (Cdk) transition the cell toward
the G1/S checkpoint. The amount of cellular P53 protein
determines whether the cell progresses beyond this check-
point, with higher levels preventing cell cycle progression.
Because various DNA-damaging events, such as ultraviolet
light, radiation, carcinogens, and double-stranded DNA
breaks, induce production of P53 protein, this molecule
serves as a sentinel for mutated DNA. The functional failure
of P53 removes this sentinel from the cell cycle process and
results in the accumulation of genetic errors. Therefore,
inactivation of P53 facilitates oncogenesis.

Once DNA repairs have taken place during G1 prior to
replication of the DNA, the cell proceeds to S phase. DNA
synthesis occurs in the S phase, followed by the G2 phase.
Replication errors occurring during the S phase are cor-
rected in the G2 phase, the G2/M checkpoint. This final
checkpoint marks the end of interphase.

Mitosis, the process of physical division of the parent cell
into two daughter cells,occurs during the mitosis or M phase
of the cell cycle. During mitosis, the duplicated chromo-
somes are physically separated so that each daughter cell
receives the correct number of chromosomes. Mitosis con-
sists of five phases: prophase, prometaphase, metaphase,
anaphase, and telophase. The duplicated chromosomes con-
dense during prophase. A structural element known as the
mitotic spindle originates from two structures called centri-
oles, which move to opposite poles of the cell and the spindle
forms between the centrioles. The nuclear membrance dis-
sipates, proteins form kinetochores on the chromosmes,
and microtubules attach to the kinetochores during
prometaphase. The duplicated chromosome pairs attach at
central points along the spindles. The arrangement of the
highly condensed chromosome pairs along an equatorial cell
plane denotes metaphase. As previously discussed, highly
condensed chromosomes cannot bind proteins necessary for
gene expression. As a result, the cell’s internal machinery
focuses solely on cell division during metaphase. The cen-
triole-derived spindle guidelines pull the duplicate chromo-
somes apart and drag them toward each centriole during
anaphase.With the separation of the daughter chromosomes
(chromatids) into opposite poles of the cell and the refor-
mation of nuclear membranes around the two daughter sets
of chromosomes, telophase begins. Cytokinesis, or the divi-
sion of the cytoplasm, is the last step in cell division. During

cytokinesis, the mitochondria are randomly and potentially
unevenly distributed in the daughter cells. The cell cycle can
then be reinitiated by one or both of the daughter cells to
generate additional cells. Alternatively, some cells become
quiescent in a G0 phase (between telephase and G1) and
either have a prolonged delay before initiating replication
again or no longer divide.

Cell division to generate gametes is called meiosis and
consists of two divisions, meiosis I and meiosis II. Like
mitosis, this process begins with the duplication of chromo-
somes in prophase I. During metaphase I, the maternal and
paternal homologous chromosomes pair (i.e.,pairing occurs
between each of the pairs of the 22 autosomal chromosomes,
the two X chromosomes in females, and the X and Y chro-
mosomes in males). Each pair attaches to the spindle appa-
ratus along the equatorial plane of the cell spindle. DNA may
be exchanged between the paired chromosomes by either
crossing-over or recombination mechanisms during this
pairing stage of meiosis I. During anaphase I, homologous
chromosomes separate into daughter cells, resulting in 23
duplicated chromosomes in each daughter cell. A second
cell-division cycle, meiosis II, separates the duplicated chro-
mosomes, resulting in haploid cells, egg or sperm, contain-
ing only one copy of each of the 22 chromosomes plus an X
(egg or sperm) or Y (only sperm) chromosome.

From Gene to Protein

The genomic DNA content is the same in all cells of the
same person and encodes all the genetic information for
cellular function. Encoded in the DNA are the blueprints
for all the RNA and protein molecules present in any type
of cell. Different parts of the genetic information are used
by different types of cells to accomplish each cell’s specific
function. DNA is used to produce RNA and protein mole-
cules by processes called transcription and translation,
respectively. The regions of DNA that encode RNA and
protein molecules are called genes.

Replication requires an increase in building materials for
the duplicated daughter cells. Highly condensed metaphase
chromatin cannot produce gene products because proteins
that initiate gene expression cannot bind to the chromo-
somes at this phase of replication. In contrast, partially
condensed or unfolded chromatin permits the binding of
specific proteins (e.g., RNA polymerases) that synthesize
mRNA and tRNA. Ultimately, these molecules facilitate the
production of gene products, specifically proteins.

RNA molecules function as the mediators between DNA
and protein. These molecules essentially speak the same
language as DNA because, as nucleic acids, they can base
pair with complementary DNA sequences. Like transfer-
ring spoken language to a written form, this process of
copying information from DNA to RNA is referred to as
transcription. The transcription complex of proteins must
unwind the double-stranded DNA at the specific gene site
to be copied, locate the polymerase binding site on one of
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the DNA strands, and generate a primary (1°) transcript,
which is one component of heterogeneous nuclear RNA
(hnRNA) by reading the DNA strand in a 3′ to 5′ direction,
with RNA synthesis proceeding in a 5′ to 3′ direction. The
1° RNA transcript is processed into mRNA, and finally the
DNA in the region of the gene becomes double-stranded
again. Numerous DNA sequences bind proteins that regu-
late and coordinate gene expression. These sequences can
be used to identify the locations of genes within the entire
human genome sequence. Since the generation of the first
draft of the human genome, the interest in understanding
gene structure has increased with the goal of identifying
disease-associated genes.12–14

Gene Structure

Promoting Transcription

Sequences that bind RNA polymerases in combination
with transcription factors drive and regulate the produc-
tion of 1° RNA transcript (Table 1-5). Proteins and 
transcription factors bind to sequences located 5′, or
upstream, of the gene to be expressed and are collectively
called the promoter region of a gene. Negative numbering
denotes the location of these sequences upstream of the
first protein-encoding base. The promoter sequence initi-
ates (or promotes) transcription of the downstream gene
and harbors conserved sequences that are recognized by
the transcription complex of enzymes.

The complexity and organization of the transcription
regulatory sequences of genes differ between prokaryotic
and eukaryotic cells. Prokaryotes contain a simple gene
structure with sequences for polymerase binding occur-
ring at −35 and −10 for each gene. The −10 sequence con-
tains a consensus sequence of TATAAT, while the −35
region consists of TTGACA. Variations of these sequences
as well as the sequences located adjacent to the gene 
determine the strength of the promoter’s transcriptional
activity. For example, small differences such as having a
TATATA sequence rather than the consensus sequence at
the −10 position will decrease the promoter’s ability to bind
to the RNA polymerase and result in decreased production
of mRNA for that gene. In bacteria, operons regulate
expression of multiple genes with related functions from
the same promoter.

In eukaryotic genes, various promoter sequences bind
multiple proteins, which catalytically modify and activate
other bound proteins. Enhancer sequences increase the
production of mRNA but are far removed from the gene.
One of the pivotal proximally located sequences comprises
a TATA box (TATAAA) located at −25 (Figure 1-5). These
bases initiate binding of a TATA-binding protein (TBP)
within the transcription factor D complex. Following this
binding, transcription factors B, H, and E bind to and open
the DNA strands downstream from the promoter. Finally,
transcription factor F and RNA polymerase II bind to the
transcription complex. The close proximity of these pro-
teins to RNA polymerase II permits phosphorylation of the
polymerase and initiation of transcription. In eukaryotic
cells, variations in the recognition sequences alter the
efficiency of transcription. These variations may be base
pair changes or base modifications. For example, promoter
sequences that are highly methylated do not bind well to
the transcription factors or polymerase. As a result, a gene

Table 1-5. Examples of Nucleic Acid Motifs

Name Sequence

AP1 binding site TGASTCAG
AP2 binding site CCCCAGGC
AP3 binding site GGGTGGGAAAG
AP4 binding site YCAGCTGYGG
C/EBP TGTGGAAAG
CCAAT box CCAAT
CP1 binding site YN(6)RRCCAATCA
CP2 binding site YAGYN(3)RRCCAATC
CREB TGACGTCA
CTF/NF1 binding sites GCCAAT
GCN4 target site ATGASTCAT
Glucocorticoid receptor GGTACAN(3)TGTTCT
Homeobox protein-binding site TCAATTAAAT
HSTF CNNGAANNTTCNNG
INF-stimulated response RGGAANNGAAACT
Lariat consensus sequence YNYTRAY
MALT box GGAKGGA
NF-1 TTGGMN(5)GCCAAT
Octamer sequence ATTTGCAT
Poly A signal AATAAA
Splice acceptor Y(11)NYAGG
Splice donor MAGGTRAGT
TATA box TATA
Translational initiation sequence RNNMTGG

R = A/G; Y = C/T; M = C/A; W = A/T; N = A/T/C/G.

TAA
TAG or TGA

Promoter region

Initiation
codon

Splice acceptor
site

Splice donor
site Termination

codon

Exon Intron Exon
CCAAT TATAAA ATG GT

Protein-coding sequence Protein-coding sequence

AG

Figure 1-5. Gene structure. Gene structure depicting
coding and noncoding regions of the eukaryotic gene.
(Reprinted from Leonard D. Diagnostic Molecular Pathology,

copyright 2003, with permission from Elsevier.)
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may appear to be unaltered or intact but may be tran-
scriptionally silent due to methylated bases in the promoter
region.

Elongation and Termination of the mRNA

Once the RNA polymerase binds to the promoter, tran-
scription begins at position +1. The polymerase reads the
DNA in a 3′ to 5′ direction, while synthesizing the 1° RNA
transcript in a 5′ to 3′ direction. In bacteria, the complete
transcript serves as the template for translation. Tran-
scription ends with termination. The mRNA must be ter-
minated in bacteria; termination of the transcript can
result from attenuation or the formation of hairpin struc-
tures. Termination occurs at several sites beyond the
polyadenylation signal in eukaryotic cells and is depend-
ent on bases near the stop codon.15 Because the eukaryotic
cell transcripts are polyadenylated, a termination of the
transcription process by a process similar to attenuation is
not necessary to regulate gene expression. Specifically,
transcripts produced after the polyadenylation signal lack
a 5′ cap, resulting in rapid degradation.16,17

In eukaryotic cells, once the 1° RNA transcript has been
produced in the nucleus, this transcript is processed to
form an mRNA by splicing to remove the non-protein-
coding introns (intervening sequences) and join the
protein-coding exons. Introns are located between
sequences called exons, which encode the protein sequence
and are translated during protein synthesis. Splicing
involves a complex of ribonucleoproteins known as a
spliceosome, which recognizes consensus sequences at the
5′ and 3′ ends of the intron. Genetic changes to these splice
donor (A/C AG G U A/G AGU) and splice acceptor ([U/C]11

N C/U AG G/A) consensus sequences may prevent the
spliceosome from recognizing and catalyzing the splicing
event.18,19 Autoantibodies directed to or alterations in the
steady-state level of the spliceosome may play a role in
some diseases.20–22 Alternate splicing may generate multi-
ple distinct transcripts from a single gene. That is, some
exons may be spliced out in one mRNA molecule but
retained in another. As a result, alternate splicing generates
different proteins from the same gene and 1° RNA tran-
script.23–24

An additional mechanism of generating diversity from
1° RNA transcripts entails trans-splicing (initially
identified in Drosophila cells). Essentially, two separate,
unrelated transcripts form a hybrid molecule by using the
splice donor from the first transcripts and the splice accep-
tor from the second transcripts. Complementary intronic
sequences in both transcripts facilitate the generation of
the chimeric mRNA. This process has not been demon-
strated in other eukaryotic cells. However, when the
process is used for gene therapy applications, normal gene
function has been restored from defective genes using
trans-splicing.25–26 Other therapeutic applications for 
catalytic RNA molecules involve innovative treatments 

for HIV-infected patients. In this application, synthetic
ribozymes cleave drug-resistant variants of HIV.25,27–29

Additional modifications of the 1° RNA eukaryotic tran-
script enhance the stability and transport of the mRNA.
One such modification occurs immediately on the 
generation of the 1° transcript and involves addition of a
7-methyl guanosine linked in an unusual 5′ to 5′ linkage to
the triphosphate at the 5′ end of the transcript, also known
as the 5′ cap. This cap protects the transcript from degra-
dation. Another 1° transcript modification is cleavage at a
polyadenylation signal (AAUAA) near the 3′ end of the
transcript, followed by the addition of 100 to 200 adeno-
sine residues (poly-A tail) by polyadenylate polymerase.
The poly-A tail facilitates transportation of the mature
mRNA into the cytoplasm and protection of the transcript
from degradation by exonucleases. A given gene may have
several polyadenylation signals, providing another level of
variation for a single gene.30–32

Translation

Translation is the next step in using information from the
DNA gene to produce a functional protein. This process
changes the genetic information from a nucleic-acid-based
language into an amino-acid-based language of polypep-
tides and proteins. For these reasons, the term “translation”
describes this complex cascade of events.

Following transportation of the mRNA into the cyto-
plasm, translation begins with the mRNA binding to a ribo-
some and requires additional nucleic acids, specifically
protein-associated RNA molecules (Figure 1-6). A ribo-
some is a complex of about 50 different proteins associated

Ribosome

mRNA

tRNA

Ala

Ala Lys
Protein

LysPro

Pro

Phe

Phe

Met

Met

5’
3’

A U G U U U C C C G C C A A A U A G

Figure 1-6. RNA translation. RNA is translated through binding events between the
mRNA, a ribosome, tRNA, and amino acids, resulting in the production of a protein
polypeptide chain. (Reprinted from Leonard D. Diagnostic Molecular Pathology, copyright 2003,

with permission from Elsevier.)
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with several ribosomal RNA (rRNA) molecules. Prokary-
otic ribosomes consist of 30S and 50S subunits. Svedberg
(S) units are the sedimentation rate of a particle. In eukary-
otes, rRNA molecules associate with proteins in the nucle-
olus to form 40S and 60S subunits. Recognition of the 5′
cap of the eukaryotic mRNA by a ribosome initiates the
process of translation.33

Each amino acid is encoded by one or more 3-nucleotide
sequences, which are collectively known as the genetic code
(Table 1-6). Each set of 3 nucleotides of an mRNA that
encodes an amino acid is called a codon. As is seen in Table
1-6, the first and second nucleotide positions largely deter-
mine which amino acid is encoded by the mRNA codon,
while the third base has less effect on which amino acid will
be incorporated.In addition to encoding amino acids,certain
mRNA codons are used to initiate (START) or terminate
(STOP) translation. The genetic code differs slightly between
organisms and between mitochon-drial DNA and eukaryotic
DNA (Table 1-7). Thus, while one mRNA encodes only one
protein sequence, a protein sequence can be encoded by
several different mRNA sequences. This is referred to as the
degeneracy of the genetic code.

Table 1-6. The Human Genetic Code

SECOND BASE OF CODON

U C A G

U UUU UCU UAU UGU
Phenylalanine (Phe/F) Serine (Ser/S) Tyrosine (Tyr/Y) Cysteine (Cys/C)
UUA UCA UAA UGA
Phenylalanine (Phe/F) Serine (Ser/S) Tyrosine (Tyr/Y) Cysteine (Cys/C)
UUC UCC UAC UGC
Leucine (Leu/L) Serine (Ser/S) STOP STOP
UUG UCG UAG UGG
Leucine (Leu/L) Serine (Ser/S) STOP Tryptophan (Trp/W)

C CUU CCU CAU CGU
Leucine (Leu/L) Proline (Pro/P) Histidine (His/H) Arginine (Arg/R)
CUA CCA CAA CGA
Leucine (Leu/L) Proline (Pro/P) Histidine (His/H) Arginine (Arg/R)
CUC CCC CAC CGC
Leucine (Leu/L) Proline (Pro/P) Glutamine (Gln/Q) Arginine (Arg/R)
CUG CCG CAG CGG
Leucine (Leu/L) Proline (Pro/P) Glutamine (Gln/Q) Arginine (Arg/R)

A AUU ACU AAU AGU
Isoleucine (Ile/I) Threonine (Thr/T) Asparagine (Asn/N) Serine (Ser/S)
AUA ACA AAA AGA
Isoleucine (Ile/I) Threonine (Thr/T) Asparagine (Asn/N) Serine(Ser/S)
AUC ACC AAC AGC
Isoleucine (Ile/I) Threonine (Thr/T) Lysine (Lys/K) Arginine (Arg/R)
AUG START ACG AAG AGG
Methionine (Met/M) Threonine (Thr/T) Lysine (Lys/K) Arginine (Arg/R)

G GUU GCU GAU GGU
Valine (Val/V) Alanine (Ala/A) Aspartic Acid (Asp/D) Glycine (Gly/G)
GUA GCA GAA GGA
Valine (Val/V) Alanine (Ala/A) Aspartic Acid (Asp/D) Glycine (Gly/G)
GUC GCC GAC GGC
Valine (Val/V) Alanine (Ala/A) Glutamic Acid (Glu/E) Glycine (Gly/G)
GUG GCG GAG GGG
Valine (Val/V) Alanine (Ala/A) Glutamic Acid (Glu/E) Glycine (Gly/G)

Table 1-7. Exceptions to the Universal Code in Mammals

Codon Nuclear Code Mitochondrial Code

UGA Stop Trp
AUA Ile Met
AGA Arg Stop
AGG Arg Stop

Synthesis of the encoded protein begins at the initiation
codon of the mRNA, the first AUG codon after the pro-
moter and encodes a methionine amino acid. This methio-
nine codon establishes the reading frame of the mRNA. The
next step in the translation process uses RNA molecules to
bridge the information from the sequential mRNA codons
to the encoded amino acid in the growing polypeptide
chain of the protein. Another set of RNA molecules, tRNA,
contain a sequence complementary to each mRNA codon
known as the anticodon. The 3′ end of each type of tRNA
binds the specific amino acid corresponding to its anti-
codon sequence. Base pairing of codons with complemen-
tary anticodons permits sequential alignment of new
amino acids of the polypeptide chain and occurs in the
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small subunit of the ribosome. The large subunit of the
ribosome catalyzes the covalent bonds linking each
sequential amino acid to the growing polypeptide chain.

Translation ceases when the ribosome encounters a stop
codon (UAA, UAG, or UGA). Release factors bound to the
stop codon catalyze the addition of a water molecule rather
than an amino acid, thus resulting in a COOH terminus to
the completed polypeptide chain.34 Some factors bound 
to the 3′ untranslated portion of the gene also affect 
termination.

Structure of Proteins

Just as nucleic acids form various structures via intra- and
intermolecular base pairing, proteins also assume various
structures depending on the types and locations of amino
acids. The primary structure of a protein is the sequence of
amino acids from amino terminus (NH) to carboxy terminus
(COOH) of the protein. The secondary structure refers to
how amino acid groups interact with neighboring amino
acids to form structure called an alpha helix or beta sheet.
The tertiary structure of a protein is created by amino acids
sequentially distant from one another creating intramo-
lecular interactions. The quaternary structure of a protein
defines the three-dimensional and functional conformation
of the protein. The shape that is ultimately assumed by the
protein depends on the arrangement of the different charged,
uncharged, polar, and nonpolar amino acids.

Posttranslational Modifications

After generation of the polypeptide chain of amino acids,
additional enzymatic changes may diversify its function.
These changes are termed posttranslational modifications
and can include proteolytic cleavage, glycosylation, phos-
phorylation, acylation, sulfation, prenylation, and vitamin
C– and vitamin K–mediated modifications. In addition,
selenium may be added to form selenocysteine. The selen-
cysteinyl-tRNA recognizes the UGA stop codon and adds
this unusual amino acid.

Mutations: Genotype 
Versus Phenotype

Genetic information exists in the form of nucleic acids
known as the genotype. In contrast, the encoded proteins
function to create a phenotype, an outwardly observable
characteristic. Genotypic alterations may or may not cause
phenotypic alterations. For instance, missense mutations
refer to genetic changes that result in the incorporation of
a different amino acid at a specific codon location. These
changes may not dramatically alter the protein if the
replacement amino acid is similar to the original amino
acid (for example, a hydrophobic amino acid replaces
another hydrophobic amino acid). However, replacement

of an amino acid with a different type of amino acid may
significantly change the conformation of the protein and
thus change its function. For example, in sickle cell anemia,
a valine replaces a glutamic acid at a single position and
permits the polymerization of the beta globin molecules to
cause stiffening and sickling of the red blood under low
oxygen conditions. Different forms of proteins (known as
conformers) provide the mechanism for diseases ranging
from Creutzfeldt-Jacob disease to Huntington disease.
Nonsense mutations describe base changes that replace 
an amino-acid-encoding codon with a stop codon, which
causes premature termination of translation and results in
a truncated protein.35 Truncation may result from the addi-
tion or deletion of one or two nucleotide bases, resulting in
a shift in the reading frame. Frameshifts often result in pre-
mature termination when stop codons are formed down-
stream from the mutation. Alterations in splice donor or
acceptor sites may either erroneously generate or pre-
vent appropriate splicing of the 1° transcript, resulting in a
frameshift mutation.36 Genetic changes in the untranslated
portions of the gene affecting the promoter, enhancer, or
polyadenylation signals may affect the expression of the
gene product and result in a phenotypic change. Not all
genotypic changes affect the phenotype. Genetic changes
affecting the third base of the codon rarely alter the gene
code and would therefore be less likely to cause incorpo-
ration of a different amino acid.

With the sequencing of the human genome, numerous
single nucleotide polymorphisms have been identified,
demonstrating the individual nature of human beings.
Numerous studies currently target correlating genotype
variations to disease phenotypes. These efforts, in combi-
nation with improved understanding of gene structure and
function, hold the promise of improved diagnosis, treat-
ment, and patient outcomes in the future.
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information for instrument troubleshooting and test 
interpretation.

Obviously, gene products, that is, proteins and poly-
peptides, are molecules and could technically be clas-
sified within “molecular pathology.” This chapter focuses
on nucleic acid diagnostics, including investigation of
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).
The field will eventually move beyond genomics to pro-
teomics. Proteomics is not addressed in this chapter since
clinical proteomics is in its most nascent stages and is in
extremely limited practice in molecular pathology today.

Basic Science Discoveries:
The Foundation

Molecular pathology techniques are rooted in fundamen-
tal molecular biology discoveries of the 1940s to 1980s.4

The clinical laboratory application of molecular biology
techniques would not be possible without the discovery by
Griffith and Avery that nucleic acid is the genetic material.
The foundation of work by Chargaff and Franklin was cap-
italized on by Watson and Crick, who elucidated the struc-
ture of DNA. Understanding DNA structure is seminal to
understanding nucleic acid hybridization, which is central
to almost all molecular methods used in the clinical molec-
ular laboratory. Additionally, work by Nirenberg (unravel-
ing the genetic code); Wilcox, Smith, Nathans, and others
(use of restriction endonucleases for DNA manipulation);
Baltimore and Temin (discovery of RNA-dependent DNA
polymerase or reverse transcriptase); Britten and Davis
(hybridization kinetics); Kornberg and Okazaki (work on
DNA polymerases and DNA replication, respectively);
Southern (development of solid-phase nucleic acid
hybridization, or the Southern blot); Sanger, Maxam, and
Gilbert (development of DNA sequencing); Mullis (dis-
covery of PCR for in vitro nucleic acid amplification); and
their scientific collaborators and competitors led to a
refined understanding of how DNA may be manipulated in
vitro for research and ultimately diagnostic purposes.
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Introduction

Molecular pathology is based on the principles, techniques,
and tools of molecular biology as they are applied to diag-
nostic medicine in the clinical laboratory. These tools were
developed in the research setting and perfected through-
out the second half of the 20th century, long before the
Human Genome Project was conceived. Molecular biology
methods were used to elucidate the genetic and molecular
basis of many diseases, and these discoveries ultimately 
led to the field of molecular diagnostics. Eventually the
insights these tools provided for laboratory medicine were
so valuable to the armamentarium of the pathologist that
they were incorporated into pathology practice. Today,
molecular diagnostics continues to grow rapidly as in vitro
diagnostic companies develop new kits for the marketplace
and as the insights into disease gained by the progress of
the Human Genome Project develop into laboratory tests.

Molecular pathology is a natural extension of anatomic
and clinical pathology. As molecular research identifies the
most fundamental causes and markers of disease, clinical
testing is moving to the nucleus and its genetic material.
Underlying mutations responsible for genetic diseases,
including cancers, are being discovered and used in molec-
ular diagnostic tests. Some have become routine tests in
molecular pathology and are described in detail elsewhere
in this book.

In this chapter, fundamental and more advanced molec-
ular biology techniques, as practiced in the molecular
pathology laboratory, are reviewed. The entire field of
molecular pathology is relatively new, having begun in the
1980s and matured through the 1990s. The new century has
brought important advances in automated nucleic acid
preparation,1–3 polymerase chain reaction (PCR), real-time
PCR, and deoxyribonucleic acid (DNA) sequencing.
More and more, the underlying biochemistry occurring 
in laboratory instruments may be invisible to the user.
The goal of this chapter is to describe the principles 
of these methods so that practitioners have adequate 
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General Methods

Nucleic Acid Isolation

The first step of most molecular pathology tests is isolation
of DNA or RNA from a patient specimen, by either manual
or automated methods. Nucleic acid purification begins
with lysis of the cells in the sample. Cell lysis liberates 
cellular macromolecules including proteins, lipids, and
nucleic acids. Cell lysis can be accomplished using a deter-
gent solution to break cell membranes and remove lipids.
Proteins are enzymatically degraded with protease, usually
proteinase K, or selectively precipitated. Protein digestion
is performed at about 56°C and will permanently denature
many proteins but does not affect nucleic acids. This
process is followed by selective extraction that takes ad-
vantage of the physical and chemical differences between
nucleic acids and other cellular molecules, forming the
basis for their isolation. The nucleic acid is then purified
from the soluble contaminants produced in the extraction
method by precipitation in an ethanol-salt solution. A 
variation on this theme that combines extraction and
purification is the selective adsorption of nucleic acids to
silica columns under chaotropic salt conditions. The iso-
lated nucleic acid is then resuspended in a dilute salt buffer,
for example, 10 mM Tris/1 or 0.1 mM EDTA pH 7.6 to 8.0
(TE buffer).

The initial lysis step is modified according to the speci-
men. If the specimen is fresh or frozen solid tissue, it is first
homogenized in an appropriate buffer (often TE buffer). If
the specimen is formalin-fixed, paraffin-embedded (FFPE)
tissue, the paraffin is removed with an organic solvent such
as xylenes, followed by rehydration through an alcohol
series to a dilute salt buffer before protease digestion.
FFPE tissue is also heated during the prolonged protease
digestion step to reverse formalin cross-linking between
proteins (primarily histones) and nucleic acids. Although
this reduces the degree of nucleic acid shearing in subse-
quent vortexing or centrifugation steps, DNA longer than
that packaged into a nucleosome (about 200 base pairs
[bp]) is difficult to recover from FFPE tissue. Whole blood
specimens may require a centrifugation step to remove
erythrocytes prior to recovery of nucleic acids from leuko-
cytes because of the inhibition of PCR by hemoglobin. This
cell fractionation step generally is not performed in auto-
mated nucleic acid extraction instruments.

Organic (Phenol) Extraction

Nucleic acids have a strong negative charge because of the
phosphate groups in the sugar-phosphate backbone, and
thus are highly soluble in an aqueous environment. By con-
trast, proteins, lipids, and carbohydrates contain varying
proportions of charged and uncharged domains producing
hydrophobic and hydrophilic regions. This difference
makes proteins entirely soluble in organic solutions or

selective for the interface between the organic and aqueous
phases during an organic extraction. This characteristic
forms the basis for phenol: chloroform extraction, in which
phenol is added to an aqueous solution containing cellular
constituents, mixed, and then centrifuged to separate the
aqueous and organic phases. If the pH of the extraction is
near neutral, both DNA and RNA stay in the aqueous
phase, while proteins are in the phenol: chloroform phase
or aqueous-phenol interface. If the pH is acidic, the phos-
phate groups of DNA are preferentially neutralized, driving
DNA into the organic phase (or interface) and allowing
RNA to be selectively extracted. This method produces
high-quality nucleic acids but is relatively labor-intensive,
uses hazardous chemicals, and produces liquid organic
waste.

Ethanol-Salt Precipitation

Nucleic acids can be precipitated in an aqueous solution by
the addition of concentrated ethanol and salt. Ethanol
makes the solution hydrophobic, while salt increases the
ionic strength of the solution, thereby reducing the repul-
sion of the negatively charged sugar-phosphate backbone
of the nucleic acid. Centrifugation allows the precipitate to 
be collected and resuspended in a dilute salt buffer (TE
buffer).

Chaotropic Salt–Silica Column Extraction

Chaotropic salts such as sodium iodide (NaI) or guani-
dinium isothyocyanate (GITC) disrupt the structure of
water, promoting the solubility of nonpolar substances,
such as proteins, in polar solvents, such as water. Saturated
chaotropic salts also promote the adsorption of nucleic
acids to glass or silica columns. The nucleic acid is purified
by a series of washing steps including reducing agents such
as sodium azide to further remove contaminants and
inhibit remaining enzymes. The nucleic acid is eluted from
the column with a dilute, nonchaotropic salt buffer. Since
the method is simple, fast, offered in commercial kits by
several manufacturers, and adaptable to high-throughput
robotic nucleic acid isolation, this method is widely used
by clinical molecular laboratories.

RNA Versus DNA Isolation

DNA is the repository of genetic information, which is then
transcribed into RNA. RNA forms ribosomes, transfer RNA
(tRNA), and messenger RNA (mRNA) for protein transla-
tion, and is used for other special functions in the regula-
tion of gene expression that have only recently been
discovered. DNA is a hardy molecule present at stable 
cellular levels, with such well-known exceptions as the
amplification and deletion of genes in tumor cells. By 
contrast, the level of RNA corresponding to a gene can
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fluctuate dramatically within a very short time in response
to changes in the cell’s microenvironment and functional
needs. This fluctuation results from changes in both the
rate of transcription and degradation of an RNA.

DNA is relatively easy to isolate and store because
deoxyribonucleases (DNases) are easily denatured by
heating or inhibited by sequestration of divalent cations.
RNA, by contrast, is rapidly degraded by a variety of
ribonuclease (RNase) enzymes that are replete within the
cell and on the skin surface. While this is necessary for 
cellular homeostasis, the ubiquity of RNases leads to a
problem for the molecular analysis of RNA. RNases are
very stable, active in virtually any aqueous environment,
and can regain their activity after denaturation. As a result,
RNA is subject to rapid degradation by RNases in most lab-
oratory settings, making RNA a notoriously labile mole-
cule. The rate of degradation varies among RNA species,
leading to further analytical complexity.

RNA analysis depends on successful RNA isolation and
preservation. The overall techniques are similar to those
described above for nucleic acid isolation, but with the
mandatory addition of steps to inhibit or degrade cellular
RNases and prevent their reintroduction into the isolated
RNA. RNA isolation must be performed promptly after
specimen collection, particularly if quantitation of RNA is
desired. If RNA isolation is delayed, the sample should be
stored at −80°C, or at an intermediary isolation point in a
stable buffer with RNase inhibitors. Scrupulously clean lab-
oratory technique is required, including careful cleansing
of laboratory equipment with bleach, autoclaving of glass-
ware, preparation of reagents with nuclease-free water, and
wearing gloves with frequent glove changes. Addition of
GITC or beta-mercaptoethanol to the RNA isolation
reagents will inhibit or denature RNases present in the
sample. The isolated RNA is rehydrated in water or TE
buffer that is nuclease free, and stored at −80°C to further
inhibit the activity of any residual RNases.

Despite these difficulties, RNA is valuable in the clinical
molecular laboratory for several reasons. Many clinically
significant viruses such as human immunodeficiency virus
(HIV) and hepatitis C virus (HCV) have RNA genomes.
Quantitation of RNA provides an important measure of
gene expression, which can be used in the diagnosis or
monitoring of disease. In addition, mRNA does not contain
introns, which is an advantage when analyzing neoplastic
translocations with variable intronic breakpoints such as
BCR-ABL.5

Nucleic Acid Measurement for Quantity 
and Quality

Nucleic acid quantitation is optional for many protocols
that utilize in vitro nucleic acid amplification. Some
methods, however, require use of more accurate quantities
of nucleic acid, so assessment of the yield and concentra-
tion of purified nucleic acids is useful. This is typically

done using ultraviolet (UV) spectrophotometry. The
absorbance of a nucleic acid solution is measured at several
wavelengths. The maximal absorbance for nucleotides is at
260 nm of UV light (A260), while for proteins the maximal
absorbance is at 280 nm (A280). Nucleic acids can therefore
be quantified by the A260 measurement, while the A260/A280

ratio provides an estimate of the purity of the sample. Pure
DNA has an A260 of 1.0 at a concentration of 50 µg/ml and
an A260/A280 ratio of 1.8, while pure RNA has an A260 of 1.0
at a concentration of 40 µg/ml and an A260/A280 ratio of 2.0.
Lower A260/A280 ratios indicate the presence of protein in
the solution. Other contaminants can be detected by their
absorbance at other wavelengths, such as phenol at A270

and guanidinium at A230.
Ethidium bromide (EtBr) intercalates into DNA strands,

causing DNA to fluoresce upon illumination with UV light.
The fluorescence of EtBr correlates with the number of
base pairs of DNA in which the EtBr is intercalated,
which is a result of both the size and quantity of the DNA
fragment. Therefore, by staining sample DNA with EtBr 
in an electrophoresis gel and comparing the brightness 
to mass standards in adjacent lanes, the quantity of DNA
can be estimated. This provides a convenient system for
quantification of post-PCR DNA prior to sequencing, since
the UV spectrophotometer is usually kept in the pre-PCR
area (see below for PCR, sequencing, and amplicon carry-
over contamination). More important, the image of the
EtBr-stained sample DNA can be used to assess DNA
quality. High-quality, substantially intact DNA forms a
single band close to the well serving as the origin of elec-
trophoresis. In contrast, DNA degradation is apparent as a
smear of EtBr-stained DNA extending downward from the
well. Ethidium bromide is mutagenic and produces light
background staining and is therefore being replaced by
other intercalating dyes such as SYBR Green.

Electrophoresis

Electrophoresis uses an electric field to separate charged
molecules by differential mobility in a sieving matrix that
can be either liquid or solid (gel). The differential mobility
is determined by the size of the molecule and its confor-
mation, the net charge of the molecule (as modified by pH),
temperature, and the pore size of the matrix. DNA, being
negatively charged, migrates towards the anode (+) when
an electric field is applied to an electrolyte solution. The
size of DNA can be modified by restriction endonuclease
digestion (see below), rendering DNA fragments small
enough to be mobile in the matrix. Conformation can be
modified with denaturing conditions prior to or during
electrophoresis. Nucleic acids are usually electrophoresed
at a slightly alkaline pH to ionize all phosphate groups in
the backbone of the molecule.

The pore size of the matrix is determined by the com-
position and concentration of the polymer. For any given
pore size, the mobility of a molecule through the matrix is
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inversely proportional to the log of its size. Therefore, for
a given size difference between two molecules, the differ-
ence in the rate of migration will be substantially less if
both molecules are large. The limiting mobility is defined
as the rate of migration through the gel at which large mol-
ecules can no longer be separated for any given pore size.
This may be related to the tendency of sections of long
DNA fragments to “snake” through different pores in the
gel, retarding the mobility of the fragment. The limiting
mobility of gels can be overcome by using pulsed field gel
electrophoresis (PFGE), in which the voltage gradient is
periodically reoriented.

Polyacrylamide Gels

In clinical molecular laboratories, the matrices used most
commonly are acrylamide and agarose. Polyacrylamide
gels are formed by cross-linking acrylamide monomers
with bisacrylamide in the same salt buffer used for elec-
trophoresis and pouring the solution in a thin space
between two glass plates. A comb is inserted at one edge
between the plates to form wells for sample insertion. After
the gel has formed, the plates are mounted in a vertical
electrophoresis unit such that the gel forms a bridge
between two buffer chambers. Samples, controls, and sizing
standards are loaded into the wells, usually in association
with a dye to track the progress of electrophoresis, and
glycerol to make the samples sink to the bottom of the
wells. Electrodes are attached to the buffer chambers and
connected to a power supply providing constant voltage.
After electrophoresis, the glass plates are separated and the
gel is soaked in EtBr solution. DNA is visualized by EtBr
staining under UV light. Polyacrylamide forms very small
pores and is useful for high resolution of DNA fragments
from 100 to 1000 bp. Single base pair resolution can be
achieved, allowing polyacrylamide gels to be used for
sequencing under denaturing conditions (see below).
However, polyacrylamide gels are thin and fragile, the glass
plates are cumbersome to work with, and nonpolymerized
acrylamide is a lung irritant and neurotoxin; therefore,
alternatives to polyacrylamide gel electrophoresis are
desirable in the clinical laboratory. Although more costly,
precast acrylamide gels are commerically available to cir-
cumvent the biohazards of nonpolymerized acrylamide.

Agarose Gels

Agarose gels are formed by boiling an agarose gel powder
until the agarose has completely dissolved in the same
buffer used for electrophoresis, optionally adding EtBr,
then pouring the solution into a horizontal casting tray.
Multiple gel combs can be used to form rows of wells. After
cooling and polymerization, the gel is loaded in a hori-
zontal electrophoresis apparatus and covered with buffer
in a single chamber. Wells are loaded and electrophoresis

performed as described above. Agarose gels have a large
pore size. Agarose gels with a concentration of 1% are used
to separate DNA fragments of 1 to 20 kilobases (kb), while
higher-concentration gels are useful to separate smaller
DNA fragments. Agarose gels are thicker and more stable
than polyacrylamide gels but do not provide the same
degree of resolution. Agarose is safer than acrylamide but
still must be handled and disposed of with care if the gel
contains EtBr. Other modified agarose compounds are
available that can be mixed in various ratios with standard
agarose to increase the resolution of agarose gels. Like
acrylamide gels, precast agarose gels are commerically
available.

Capillary Electrophoresis

Capillary electrophoresis (CE) is a widely used separation
technology for analysis of proteins, peptides, chemicals,
natural products, pharmaceuticals, and DNA. Capillary
electrophoresis systems are commercially available and
generally provide more consistent and standardized results
with less time and effort than gel electrophoresis. Using CE,
DNA fragments are rapidly separated with a high-voltage
gradient, because the capillary dissipates heat quickly.
Therefore, one CE run takes approximately 0.5 hour or less,
and if eight or 16 capillaries are run simultaneously, the
process reduces the time from standard electrophoresis,
which requires 3 to 4 hours. This is a significant time saving
in the clinical laboratory for applications such as sequenc-
ing. CE enables more standardized results, maximization of
workforce efficiency, increased productivity and through-
put, and the potential for error reduction. CE also uses
smaller sample volumes.

In CE, electrophoretic separation takes place in a capil-
lary tube ranging in length from 25 to 100 cm and approx-
imately 50 to 75 µm in diameter. Most capillary tubes are
made of glass (silica) walls that often are covered with an
external polyimide coating. Acid silanol groups impart a
negative charge on the internal wall of the capillary. A low-
viscosity acrylamide-based flowable polymer acts as the
electrolyte solution and sieving matrix within the silica
capillary and is responsible for the conductivity of current
through the capillary. Polymer concentration affects the
pore size and movement characteristics of the DNA.

A small section of the capillary coating is removed at one
end of the capillary to create a detection window. The
detection window is optically aligned with the detection
system of the instrument. The detection system often
includes either a diode or argon laser combined with a
charge-coupled device (CCD) camera or filter wheel and
photomultiplier tube. The opposite end of the capillary and
electrode is used for the injection of the sample. Sample
injection in CE is frequently performed by electrokinetic
injection. In electrokinetic injection, the capillary and 
electrode are moved into the sample well. The sample 
enters the capillary when a voltage of 2 to 5 kV is applied
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for approximately 5 to 15 seconds. The voltage causes
sample ions including DNA to migrate electrophoretically
into the capillary in a flat flow profile. Electrokinetic injec-
tion produces increased resolution compared to hydrody-
namic injection, which produces a laminar (curved) flow
profile. After the injection, the capillary and electrode are
returned to a buffer reservoir for the separation. The DNA
fragments separate by size during migration through the
capillary and are detected through the window at the far
end of the capillary.

In the clinical molecular laboratory, DNA sequencing
and DNA fragment sizing or quantitation are the most
common applications performed on CE instruments. One
negative aspect of CE as opposed to older polyacrylamide
gel technology is that CE is more sensitive to contaminants
and DNA concentration. DNA, being negatively charged,
migrates into the capillary when voltage is applied. If there
are any other charged particles in the sample, they also are
injected into the capillary. For example, salt is an ionic
competitor. If salt is present, the fluorescent signal inten-
sity of the sample will be greatly reduced because of ionic
competition during the brief injection. Proper sample
preparation is therefore a key to successful CE.

After a postreaction purification step, if needed for the
specific CE application, DNA samples are resuspended 
in a sample loading solution. High-quality deionized for-
mamide often is used as the sample loading solution. If
DNA is denatured prior to CE, the formamide maintains
the denatured state of DNA and provides a very stable envi-
ronment for fluorescent dyes. Following the postreaction
purification and resuspension of products, the samples are
ready for analysis on the CE instrument. The fragments are
injected into the capillary and detected by laser-induced
florescence, and data are generated for analysis using 
software supplied by the manufacturer for different CE
applications.

Restriction Endonucleases

Restriction endonucleases (REs) cleave DNA at specific
nucleotide recognition sequences. Restriction endonucle-
ases are naturally occurring proteins found in and purified
from bacteria. Each bacterial species contains one or more
REs, each recognizing a unique sequence of base pairs 
in double-stranded DNA, called recognition sites (most
commonly 4 to 8 bp long). Bacteria use REs to digest and
inactivate foreign DNA (such as bacteriophage DNA). The
frequency of recognition sites in target DNA for any given
RE is inversely proportional to the size of the recognition
site. Some REs do not cleave DNA when their recognition
sites are methylated; this can be useful in certain clinical
laboratory applications such as detection of imprinted
genes in genetic diseases or promoter hypermethylation in
tumors. Some mutations occur at RE recognition sites and
can be detected by a change in the RE digestion pattern of
a PCR product or genomic DNA. Unique DNA restriction

fragment patterns are generated by digestion with differ-
ent REs, creating a range of DNA restriction fragment sizes.
Fractionated using agarose gel electrophoresis. Restriction
endonuclease digestion is commonly used as a component
of clinical molecular tests.

Specific Methods

DNA Sequencing

Prior to the performance of a sequencing reaction, the
DNA template to be sequenced must be properly puri-
fied and quantitated. A sequence-specific complementary
primer must be synthesized for use in the sequencing reac-
tion. Sequencing primers must also be high-performance
liquid chromatography (HPLC) purified or, at the very
least, desalted. Samples must be purified following the
sequencing reaction to rid the sample of salts, excess dyes,
and excess primers that would compete for injection into
the capillary. There are numerous protocols and commer-
cial kits available for the postreaction purification. Ethanol
precipitation is the least expensive purification method,
but numerous gel-filtration and spin-column methods also
can be used.

The ability to sequence DNA has been essential to the
field of molecular pathology because sequence information
is a prerequisite for PCR, PCR alternatives, and hybridiza-
tion with probes necessary for successful Southern blot
analysis. The method for DNA sequencing developed by
Sanger, Nicklen, and Coulson6 is the basis for most DNA
sequencing performed both in clinical laboratories and for
the Human Genome Project.

The Sanger sequencing reaction uses a single DNA
primer and DNA polymerase with linear amplification
rather than the exponential amplification of PCR (see
below). Components essential to the Sanger sequencing
reaction include (1) an electrophoresis technique capable
of clearly distinguishing single nucleotide length differ-
ences in DNA strands dozens or hundreds of nucleotides
in length, (2) sequence-specific complementary primers,
with one primer used in the forward reaction and the other
used in the reverse reaction for each DNA template strand,
and (3) the addition of small proportions of dideoxynu-
cleoside triphosphates (ddNTPs) in addition to the con-
ventional deoxyribonucleoside triphosphates (dNTPs)
used in the polymerase reaction. Dideoxynucleotides 
differ from deoxynucleotides by having a hydrogen atom
attached to the 3′ carbon rather than an OH group, which
is present on the deoxynucleotide. Because the ddNTPs
lack a 3′-hydroxyl group, elongation of the newly poly-
merized DNA chain cannot occur once a ddNTP has been
incorporated (arabinonucleosides can also be used as
inhibitors of elongation). The end result is a set of newly
synthesized DNA chains that are complementary to the
template DNA but that vary in length, with the length
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determined by the point at which the ddNTP was incorpo-
rated into the 3′ end of the chain.

In the original paper, for each template four reactions were
performed with the addition of a single inhibitor to each,
either ddGTP, ddATP, ddTTP or araCTP.6 The DNA chains
were separated by polyacrylamide gel electrophoresis under
denaturing conditions and visualized using (α-32P)-dATP on
a radio-autograph. These reactions were run in consecutive
lanes of the gel, and the complementary DNA sequence was
determined by manual inspection based on the size of each
chain, and the specific ddNTP in the reaction.

Today, sequencing is very similar except that radioactive
labeling has largely been replaced by fluorescent labeling.
Two major categories of fluorescent labeling exist. In dye-
primer labeling, the sequencing primer is labeled, and the
sequencing reaction requires 4 tubes differing only in the
incorporation of the specific ddNTP. In dye-terminator
labeling, the sequencing primer is unlabeled and instead
each ddNTP is labeled with a different fluorophore. This
enables the entire sequencing reaction to be performed 
in a single tube. Dye-terminator labeling has therefore
taken precedence in sequencing. Dye-primer labeling is
frequently used in fragment analysis for detection of
microsatellite instability, loss of heterozygosity, forensic
identification, or allogeneic bone marrow transplantation
monitoring using short tandem repeat polymorphisms.
Automated sequencers recognize both the size of the DNA
chain and the fluorescent color of the chain to assign the
nucleotide sequence, and also function as precise detectors
for fragment analysis.7

Conventional DNA sequencing with polyacrylamide 
gel electrophoresis (whether using manual or automated
sequence detection) is time-consuming and labor-
intensive. Therefore, the introduction of CE was a welcome
change that facilitated the incorporation of sequencing and
fragment analysis into the clinical laboratory.8 The
sequencing reaction products must be purified before
injection into the CE unit to remove excess salts, dyes,
and unincorporated primers that would compete for 
injection into the capillary. Purification is accomplished by
ethanol precipitation or a chaotropic salt–silica column
technique.After the postreaction purification step, samples
are then resuspended in a sample loading solution con-
taining high-quality deionized formamide to denature the
DNA. Formamide also provides a very stable environment
for fluorescent dyes. The fragments are injected into 
the capillary, detected by laser-induced florescence, and
rendered into sequence by the analysis software. An 
electropherogram of the DNA sequence is generated by the
detection software by correlating the fluorescent intensity
of each dye wavelength corresponding to a specific ddNTP
as a function of migration time.

Examples of Applications of DNA Sequencing

1. Congenital adrenal hyperplasia mutation analysis
2. Retinoblastoma mutation analysis

3. BRCA1 mutation analysis
4. HIV genotyping to monitor drug resistance and 

sensitivity
5. High-resolution human leukocyte antigen (HLA)

typing for allogeneic bone marrow transplantation

Southern Blot

The Southern blot was developed by E.M. Southern in 
1975 and was the first molecular biology tool to have a
major impact on clinical molecular pathology. The South-
ern blot is still used today, though it is being replaced by
amplification methods. The implementation of Southern
blot was based on prior knowledge of nucleic acid isola-
tion, gel electrophoresis, RE digestion, and nucleic acid
probe labeling for detection of DNA sequences of interest.

The Southern blot is a relatively labor-intensive, time-
consuming clinical laboratory method.9 High-quality DNA
is isolated from a patient specimen, subjected to RE diges-
tion, and then fractionated by gel electrophoresis. “Blot-
ting” is the transfer of fractionated DNA from the gel to a
solid support such as a nylon membrane. The DNA is then
hybridized to a small piece of complementary DNA labeled
in a variety of ways and called a probe. This detection step
allows the gene of interest to stand out from the vast back-
ground of DNA present in the sample. If the pattern of
banding visualized on the membrane is different from the
normal pattern, this may be indicative of a mutation.

Because no amplification of target DNA occurs, South-
ern blot analysis requires a large mass of DNA. The DNA
must also be intact and of high molecular weight. There-
fore, electrophoresis of the isolated DNA prior to analysis
is important for assessing the integrity of the DNA, since
only a small degree of DNA degradation is tolerable.
Degraded DNA may produce false-negative results if a
signal from high-molecular-weight DNA is expected, while
false-positive results may occur if partially degraded DNA
results in unusually sized bands. Fortunately, most tests in
the molecular pathology laboratory today are based on
PCR, which is less affected by DNA degradation. Polymor-
phisms within RE recognition sites also change banding
patterns, a principle used to advantage in other molecular
tests.

The physical movement of the DNA in the gel to the
membrane may be accomplished by manual capillary
transfer, automated vacuum transfer, or electrotransfer.
DNA in the gel must first be “conditioned”: depurination
with dilute HCl and subsequent denaturation with NaOH.
Dilute and brief acid treatment causes hydrolysis of the
DNA phosphodiester backbone to occur spontaneously at
the sites of depurination. This acid induced fragmentation
facilitates efficient transfer of the highest-molecular-
weight DNA species from the gel to the membrane. Alkali
treatment denatures double-stranded DNA (dsDNA) to
single-stranded DNA (ssDNA), essential for subsequent
nucleic acid hybridization with a labeled ssDNA probe. The
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DNA is permanently fixed to the membrane by thoroughly
drying the blot in an oven or by exposing the blot to a
precise amount of UV irradiation.

The blot is immersed in prehybridization buffer to
prepare the DNA on the blot for hybridization with a probe.
Prehybridization buffers contain blocking agents included
to minimize unwanted nonspecific DNA probe binding that
would otherwise contribute to high background on the
final image of the Southern blot used to view the results
and make diagnostic conclusions. The prehybridization
step equilibrates the membrane and blocks sites on the
nylon membrane without DNA to prevent the probe from
binding nonspecifically and increasing background. A
large volume of blocking agent is therefore advantageous.
Addition of the labeled probe to the blot begins the
hybridization phase of the Southern blot process. A small
volume of buffer is used to facilitate probe and target speci-
fically finding each other, thereby promoting hybridization.
Hybridization takes several hours to overnight at an
appropriate temperature determined by multiple variables:
concentrations of the two species; time permitted for
hybridization; complexities of the nucleic acids involved;
length of the probe and its target and their complemen-
tarity to each other (degree of mismatch); pH; temperature;
and ionic strength of the buffer used.

DNA probes are labeled before use in hybridization
assays to permit visualization of probe-target binding (in
reverse hybridization assays, described below, unlabeled
probes are immobilized and the target is labeled during the
amplification step that precedes hybridization). Such label-
ing may be accomplished isotopically or nonisotopically.
High-specific-activity DNA probes may be generated by in
vitro biochemical reactions that synthesize new stretches
of DNA from dNTPs, using the probe as a template. One of
these dNTPs is labeled with a reporter molecule such as 32P,
biotin, or digoxigenin. When incorporated into the newly
synthesized DNA, the labeled dNTP, even though it is only
one of the 4 dNTPs in the DNA probe, is sufficient to label 
the entire probe for detection. The probe is then used in
vast molar excess relative to target DNA in nucleic acid
hybridization to drive the hybridization reaction as quickly
as possible.

After hybridization, the blot is washed with buffers con-
taining sodium chloride and detergent to remove excess
probe and reduce background. Sodium chloride concen-
tration and stringency are inversely related: the lower the
sodium chloride concentration, the more stringent the
wash. Increasingly stringent washes remove more non-
specifically bound probe. The temperature of the wash
buffer and stringency are directly related: high-tempera-
ture washes are more stringent than lower-temperature
washes and further contribute to hybridization specificity.
When appropriately stringent washing of the blot is com-
plete, only the specific hybrids of interest should remain.
Visualization of these specific hybrids, which appear as
bands, is achieved by autoradiography for radioactive
probes or by luminography for chemiluminescent probes.

Hybridization with biotinylated probes is followed by
chemical reactions, resulting in insoluble colored precipi-
tates at the site of hybridization on the blot itself that serve
as the endpoint (this is also the detection scheme used in
the line probe assay; see below). Simple visual inspection
is then applied for both isotopic and nonisotopic Southern
blots to determine the position where the labeled probe
hybridized to its target patient DNA. That position, relative
to detection of appropriate controls, allows interpretation.

Northern blotting is an extension of Southern blotting
that uses RNA instead of DNA as the target of investiga-
tion. Northern blotting is as labor-intensive as Southern
blotting but even more problematic due to the highly labile
nature of RNA. While northern blotting has been very
useful in the research setting to demonstrate the selective
expression of genes in various organs, tissues, or cells, it
has not become a routine tool in the clinical molecular
pathology laboratory.

Examples of Applications of Southern Blotting

1. B- and T-cell antigen receptor gene rearrangement for
leukemia and lymphoma10

2. Fragile X syndrome diagnosis
3. Myotonic dystrophy diagnosis

Polymerase Chain Reaction

In the mid-1980s in California, Mullis and coworkers devel-
oped a method, the polymerase chain reaction (PCR), to
amplify exponentially target sequences of DNA.11 As the
name suggests, the method is a DNA polymerase–mediated
chain reaction of nucleic acid amplification. Arguably, it is
the single most important “invention” that has led to devel-
opment of a new discipline in clinical laboratory medicine,
that is, molecular pathology. Both PCR and Southern blot-
ting are techniques used to investigate specific genomic
targets. However, PCR is orders of magnitude more sensi-
tive and much faster, permitting turnaround time of 24
hours or less. PCR lends itself to much higher test volumes
than Southern blotting, a crucial point in its acceptance in
the clinical laboratory setting. Opportunity for high test
volumes, excellent specificity and sensitivity, and the rapid
turnaround times of PCR are the principal reasons this
technology has spread so quickly in clinical molecular 
laboratories.

In PCR, a unique sequence of the target nucleic acid of
interest is chosen for amplification, for example, oncogene,
invading pathogen DNA, genetic mutation. The inherent
specificity of the ensuing reaction is provided by two short
oligonucleotides, called PCR primers (see Figure 2-1).
These short oligonucleotides serve as primers for DNA
polymerase–mediated DNA synthesis using denatured
target DNA as a template. The two primers are comple-
mentary to opposite strands and opposite ends of the tar-
geted DNA template region. Usually the primers bracket
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the area of interest, but one type of PCR (allele-specific
PCR; see below) uses primers that overlap the area of inter-
est. Successful PCR depends on temperature cycling, and in
the first step of PCR the reaction temperature is raised to
95°C to 98°C to denature the target DNA. After 10 to 60
seconds at this temperature, the temperature is reduced to
about 50°C to 70°C, depending on the specific protocol, and
held there for usually 10 to 60 seconds. This facilitates
hybridization (annealing) between the now-denatured
target and the PCR primers, and is thus called the anneal-
ing step. This hybridization event is favored over target
reannealing because the PCR primers are small and present
in vast molar excess, and move more rapidly in solution
than larger DNA molecules.

The hybridized PCR primers form local areas of double
strandedness with the template DNA, thereby serving as
primers for DNA polymerase to bind and synthesize a new
strand of DNA, using the target DNA as a template. Subse-
quent to the initial discovery of PCR, the opportunity for
automating the cyclical nature of PCR was realized by
using DNA polymerase from hot-spring living bacteria,
Thermophilus aquaticus (hence the term “Taq poly-
merase”). T. aquaticus thrives at very high temperatures,
and so its proteins do not denature at the high tempera-
tures needed to denature DNA in the first step of PCR.
Catalysis by Taq polymerase of a new strand of DNA pro-
ceeds at a temperature intermediate to the near-boiling
temperature used for denaturation and the relatively lower
temperature used for annealing. DNA polymerization
occurs during this extension step, typically at 65°C to 75°C.
Taken together, these three steps (denaturation, annealing,
and extension) define one PCR cycle.

Temperature cycling is automated through the use of an
instrument called a thermal cycler. Thermal cyclers hold
small capped tubes containing the reagents needed for PCR
and cycle between the temperatures needed for the different
steps of the PCR.12 A single PCR tube contains template DNA
(<1ng to 1µg), Taq DNA polymerase, two PCR primers (~15
to 30 nucleotides long), all four dNTPs, Mg2+, and buffer to
maintain an elevated pH (~8.4) optimal for Taq.

The repetition of the cycles generates exponential
amplification of the target DNA because each double-
stranded target DNA molecule, theoretically even if there
is only one, is replicated after one PCR cycle. Both the orig-
inal and replicated DNA molecules are then available to
function as templates for cycle 2, in true “chain reaction”
style, generating another doubling, or four copies of the
original target. Cycle 3 ends with eight molecules, and dou-
bling continues with completion of each new cycle. This
doubling plateaus in later cycles since reagents, usually
dNTPs, become limiting. Additionally, the enzyme may not
function at 100% efficiency, and so true exponential
amplification is theoretical, although there is a true expo-
nential phase of amplification.

Greater than one billion identical copies of the original
target DNA region are generated after 32 cycles of PCR: 232

or more than four billion, the difference owing to the fact
that unit-length amplicons are not generated until the end
of the second cycle of PCR. Amplicons (PCR products) are
defined as replicated target molecules created by PCR.
Unit-length amplicons are those whose ends are defined 
by the primers. During the first cycle, the primers are
extended by Taq polymerase using template DNA. The ter-
mination of this extension is undefined and a function of
how far the polymerase moves down the template during
the time allotted. The enzyme, therefore, moves beyond the
ends of the primer-binding site on the complementary
strand. After completion of the first cycle, therefore, the
newly synthesized DNA molecules are greater in length
than the sequence bracketed on each strand by the primers.
In the second cycle, DNA molecules are synthesized from
the products of the first cycle whose ends are defined by
the two primers. These are so-called unit-length ampli-
cons. While all of the above is true, the practical clinical
laboratory difference between one- and four-billion-fold
amplification is irrelevant because either number is
sufficient for detection of the target, often by elec-
trophoresis with EtBr visualization.

Several factors affect the specificity and sensitivity of
PCR. The production of specific PCR amplicons is a func-
tion of both the complementarity of the primers to the target
DNA and the annealing temperature of the PCR cycle.
Heating will denature the primer from its target DNA. The
temperature at which the primer melts from the target DNA
varies directly with the length of the primer and the guano-
sine-cytosine (GC) content of the primer, and inversely with
the degree of mismatch between the primer and the target
DNA. The melting temperature (Tm) of the primer is the
temperature at which 50% of the primer is denatured from

Cycle 1

Cycle 2

Cycle 3

Primer 2

Primer 1

Additional cycles of amplification

Figure 2-1. The polymerase chain reaction. (Reprinted with permission from Tsongalis GJ,

Coleman WB. Molecular Diagnostics—A Training and Study Guide. Washington, DC: AACC Press, 2002.)
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the target DNA.If the thermal cycler is programmed to reach
an annealing temperature higher than the primer Tm, the
efficiency of PCR is compromised and sensitivity decreased.
In contrast, if the annealing temperature is substantially less
than the primer Tm, the primer can bind to both comple-
mentary and noncomplementary DNA, resulting in reduced
PCR specificity as nontarget DNA is amplified (and poten-
tially decreased sensitivity as reaction components are used
nonspecifically). Therefore, the ideal annealing temperature
is slightly less than the Tm of both primers, and the primers
should be designed to have a very similar Tm. The annealing
temperature can be decreased with subsequent cycles during
PCR in a process called “touchdown” PCR. This allows the
initial cycles to produce specific products at high annealing
temperatures, while later cycles amplify previously gener-
ated amplicons more efficiently using lower annealing tem-
peratures, thereby increasing sensitivity (see also the use of
touchdown PCR in multiplex PCR, below).

Taq polymerase is very sensitive to mismatches between
the primer and the target DNA at the 3′ end of the primer
but can withstand considerable noncomplementarity at the
5′ end of the primer. Numerous PCR variations have been
designed to take advantage of both these facts. Taq poly-
merase also requires Mg2+ as a cofactor for stabilization 
of primer annealing. Insufficient Mg2+ decreases PCR
efficiency, while too much Mg2+ stabilizes nonspecific primer
annealing. Primers with a high GC content may show a
narrow range of tolerance for variation from ideal PCR con-
ditions, leading to decreased amplification or nonspecific
products.This may be alleviated by using PCR additives such
as dimethyl sulfoxide (DMSO) or glycerol, but the success 
of these additives may need to be determined empirically 
for different primer pairs. Another strategy to improve
specificity is the use of “hot-start” PCR, in which a crucial
PCR reactant such as Taq is either physically or chemically
sequestered from other PCR reagents until denaturation
begins. This prevents the generation of nonspecific
amplification products by inhibiting the activity of Taq until
after the initial PCR denaturation step.

PCR is more sensitive than Southern blot hybridization
because of the amplification of the target sequence.
However, the specificity of the amplified PCR product must
be verified. Simple agarose gel electrophoresis coupled
with EtBr staining may be used to observe the PCR
product(s). When a clinical PCR protocol is established,
such gels may be subjected the first time to blot hybridiza-
tion with a specific probe complementary to the internal,
non-primer sequence of the amplicon(s). This exercise
proves that the PCR-generated band not only is the correct
size and highly likely therefore to be the correct target, but
also is a DNA fragment that has high or perfect homology
with a known probe. For example, hybridization of a par-
ticular 302 bp PCR product band detectable on an agarose
gel with a defined cytomegalovirus (CMV) DNA probe
confirms that the oligonucleotide primers synthesized
based on the CMV sequence and used in the PCR are rec-
ognizing CMV-specific DNA and that the PCR is indeed

specific for detection of CMV.An alternative method to val-
idate the specificity of the PCR product is to sequence the
PCR product. Following this one-time validation analysis,
electrophoresis alone, as opposed to blot hybridization or
sequencing, may be the assay endpoint.

There have been significant commercial endeavors to
automate or semiautomate high-volume PCR-based clini-
cal tests. For example, denatured aliquots of completed
PCRs can be added to microtiter plates with wells to which
specific DNA probes are bound. In the presence of
amplicon, for example, if the patient is infected with the
pathogen of interest or a specific mutation is present, the
amplicons hybridize to the bound probe and are retained
in the well during washing. Subsequent biochemical reac-
tions are used to detect labeled moieties in the amplicons
(“built in” to the PCR components), facilitating colorimet-
ric detection of a positive patient reaction by an automated
plate reader. Absence of colored product in a well indicates
a negative result for that patient specimen, provided that
all positive and negative controls are within tolerance
limits. This scheme has gained US Food and Drug Admin-
istration (FDA) approval for clinical PCR-based detection
kits for Chlamydia trachomatis, Neisseria gonorrhoeae,
HCV (qualitative) and HIV.13 (For a complete list of
FDA-approved tests, go to the Resources section at
http://www.amp.org/, the home page for the Association for
Molecular Pathology). Subsequent generations of auto-
mated PCR instrumentation are now available that com-
pletely automate the amplification and detection process.14

The field is moving toward real-time PCR detection
(described below).

Another aspect of PCR that is attractive for the clincal
molecular laboratory is the ability to use relatively crude
extractions of patient specimens rather than highly puri-
fied DNA. Cell lysis and subsequent DNA liberation accom-
plished by boiling or treatment with detergent may be
sufficient to process a specimen in preparation for PCR.15

Conventional PCR-based tests may be completed with
turnaround times of as short as 2 to 4 hours, while real-
time PCR can be completed in 30 minutes, making this
technique attractive for stat testing.

Examples of Applications of PCR

1. Detection of the diagnostic BCL2/IGH gene rearrange-
ment in follicular lymphoma

2. Detection of Chlamydia trachomatis in urine

PCR Variations

PCR-Restriction Fragment Length 
Polymorphism Analysis

Polymorphisms are inherited differences found among the
individuals in a population. The term “polymorphism” is
not synonymous with the term “mutation” in that 
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mutations are variations found less frequently in a popula-
tion or occur as nongermline changes usually in a tumor
cell (somatic mutations). In the case of restriction frag-
ment length polymorphisms (RFLP), DNA sequence dif-
ferences alter RE recognition sites, manifested either as
obliteration or creation of a restriction site. With oblitera-
tion of an RE site, the DNA of individuals with an RFLP
exhibits a larger restriction fragment of DNA than those
without the polymorphism. With creation of a new RE site,
RE digestion results in two smaller fragments relative to
the unaffected individual. In either case, the polymorphism
is detectable by creation of a new restriction fragment
pattern, that is, a restriction fragment length polymor-
phism. In PCR-RFLP, the PCR products are digested by one
or a combination of REs and electrophoresed to detect
polymorphisms or mutations which are seen as changes in
the DNA fragment sizes reflected by changes in the band
pattern on the gel.

Examples of Applications of PCR-RFLP Analysis

1. Detection of sickle-cell hemoglobin (HbS)
2. Detection of the Mnl I restriction enzyme polymor-

phism created by the Factor VLeiden mutation16

Restriction-Site Generating PCR

Some mutations create or abolish RE recognition sites and
can easily be detected by PCR-RFLP. Unfortunately, most
polymorphisms or mutations do not alter an RE recogni-
tion site. In restriction-site generating PCR (RG-PCR) (and
a related research technique called PCR-mediated site-
directed mutagenesis [PSDM]), an artificial RE recognition
site is generated during PCR using a specially designed
PCR primer.17,18 The primer contains a base mismatch to
the template DNA adjacent to the variable base of the muta-
tion that creates an RE recognition site in the PCR product.
The mismatched base in the primer is located near or at
the 3′ end of the primer, which is near or adjacent to the
variable base of the mutation, and together they create a
novel restriction site within either the mutant or wild-type
amplicon. The presence or absence of the RE recognition
site is determined from the pattern of digested fragments
by gel electrophoresis. Not all sequences are amenable to
the generation of a restriction site, and the amplification
efficiency is often decreased due to destabilization of the
primer with the mismatch.

Examples of Applications of RG-PCR

1. Identification of KRAS codon 12 mutations in colon
cancer19

2. Identification of mutations in the CTFR gene in cystic
fibrosis

3. Identification of mutations in the ATM gene in ataxia-
telangectasis

Multiplex PCR

Multiplex PCR (M-PCR) is a demanding technique used for
amplification of several discrete genetic loci with multiple
PCR primer pairs in a single reaction. Multiplex PCR
simultaneously answers several related questions about a
specimen without the need for multiple individual PCR
reactions. Multiplex PCR is commonly used for verification
that amplifiable nucleic acid is present in the sample, for
example, amplification of a housekeeping gene in addition
to the gene sequence of interest, and to check for the 
presence of PCR inhibitors that can prevent amplification
of target nucleic acid, for example, coamplification of an
exogenously added internal control. Multiplex PCR often
requires painstaking optimization of PCR conditions and
careful design of the multiple primer pairs to prevent the
generation of primer-dimers and other nonspecific PCR
products that may interfere with the amplification of
specific products. Touchdown PCR can be used with mul-
tiplex PCR if the primer pairs have different annealing
temperatures. Concentrations of individual primer pairs
may need to be optimized to account for different
amplification efficiencies and competition between the
primer pairs.

Examples of Applications of Multiplex PCR

1. Detection of enterovirus and herpes simplex virus
(HSV) nucleic acids in cerebrospinal fluid (CSF)

2. Detection of pathogenic enteric bacteria in stool
3. Analysis of multiple BRCA1 loci in a breast cancer

patient19

4. Identification of different bacteria in a respiratory 
infection20

5. Amplification of multide microsatellite loci for bone
marrow engraftment analysis

Nested PCR

In nested PCR, two pairs of PCR primers with one set inter-
nal to the other (nested) are used to sequentially amplify a
single locus. The first pair is used to amplify the locus as
in any PCR assay. A dilution of the first PCR reaction then
is amplified with the nested primers. Alternatively, semi-
nested PCR is performed using one of the original PCR
primers and one new internal primer in a second round of
amplification. Both nested and semi-nested PCR generate
a second PCR product that is shorter than the first one.21

The logic behind this strategy is that if the wrong locus was
amplified incorrectly or nonspecifically, the probability is
very low that it would be amplified a second time by a
second pair of primers. Thus, nested PCR enhances
specificity while also increasing sensitivity. The problem
with nested PCR is the high risk of amplicon contamina-
tion when the first-round PCR products are used to set up
the second round of PCR with the nested primers (see
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section below on amplicon contamination control). For this
reason, many clinical laboratories do not use nested PCR
procedures.

Allele-Specific PCR

Allele-specific PCR (AS-PCR) also is referred to 
as amplification refractory mutation system (ARMS),
PCR amplification of specific alleles (PASA) and PCR
amplification with sequence-specific primers (PCR-SSP).
AS-PCR is based on the principle that a 3′ mismatch
between a PCR primer and the template DNA prevents PCR
amplification.22 AS-PCR is especially useful for detection of
single nucleotide polymorphisms (SNPs) or mutations. For
AS-PCR, target DNA is amplified in two separate and
simultaneous reactions. Each reaction contains an 
allele-specific primer (either normal or mutant) and a
second primer common to both reactions. PCR is per-
formed under stringent conditions, to prevent PCR ampli-
fication if a mismatch is present. Genotype is based on
amplification in either one of the reactions alone (homozy-
gous normal or mutant) or both reactions (heterozygous).
Detection of the amplicon is by either gel electrophoresis
or real-time PCR technology (see below). A disadvantage
of AS-PCR is that unsuspected nucleotide polymorphisms
or mutations located in the DNA template at or adjacent 
to the 3′ binding site of the primer would prevent
amplification, leading to incorrect genotyping.

AS-PCR can detect one mutant allele in the presence of
40 copies of the normal allele. AS-PCR can be combined
with M-PCR using multiple allele-specific primers in the
same reaction tube. This technique is known as multiplex
ARMS, a useful method when a single disease is caused by
different mutations in one or more genes. Multiplex PCR-
SSP also is commonly used in low-resolution HLA typing,
in which multiple primer pairs for HLA loci are used along
with control primers that amplify a housekeeping gene 
to verify that amplifiable DNA is present in each 
reaction tube.

Examples of Applications of AS-PCR

1. Detection of multiple cystic fibrosis CFTR mutations
2. Detection of alpha-1 antitrypsin deficiency mutations
3. Defection of phenylketonuria mutations

Allele-Specific Oligonucleotide Hybridization

Allele-specific oligonucleotide hybridization (ASOH),
also known as dot-blot analysis, is used for genotyping 
of highly polymorphic regions of DNA. ASOH can be
thought of as a variation of the Southern blot, in that
patient DNA amplified by PCR is bound to a membrane
and hybridized with labeled allele-specific oligonucleotide
probes.23 Reverse dot-blot analysis differs from ASOH in
that unlabeled allele-specific oligonucleotide probes are

spotted onto different membrane locations and hybridized
with labeled PCR amplicons.

For ASOH, the PCR products are denatured and a small
amount of denatured (single stranded) amplicon is spotted
onto a nylon or nitrocellulose membrane. The amplicon is
permanently bound to the membrane by baking under
vacuum or UV cross-linking. Amplicons from different
specimens can be spotted at different locations to interro-
gate the genotype of multiple specimens simultaneously.
Duplicate membranes are made for each probe type.
Each membrane is hybridized with two different labeled
oligonucleotide probes (one complementary to the mutant
sequence and another to the normal sequence of the same
DNA region). The membranes are washed to remove non-
specifically bound probe. Samples that hybridize strongly
to only one probe indicate homozygosity for the normal or
mutant allele; those that hybridize with both probes are
heterozygous. The oligonucleotide probes are labeled and
detected by radioactivity (often avoided in clinical molec-
ular laboratories), fluorescence, colorimetry, chemilumi-
nescence, or mass spectrometry. One criticism of ASOH is
the potentially ambiguous discrimination of a positive
signal. Optimization of the assay and the use of both pos-
itive and negative controls help to define and score ASOH
results.

Example of Application of ASOH

1. Low-resolution HLA typing

Oligonucleotide Ligation Assay

Oligonucleotide ligation assay (OLA) is a highly specific
method for detecting well-defined alleles that differ by a
single base.24,25 The target sequence is initially amplified
using PCR and then denatured. A pair of allele-specific
oligonucleotide (ASO) probes (one specific for the wild-
type allele and the other specific for the mutant allele), a
common reporter probe (complementary to a sequence
common to both alleles), and DNA ligase are added to the
denatured PCR products. The ASO probes are designed to
differ from one another only at the terminal 3′ base. The
common reporter probe is positioned immediately adja-
cent to the 3′ terminal end of the ASO probes. If the ASO
is complementary to the amplicon, DNA ligase can cova-
lently join the ASO and the reporter probe. If the ASO is
not a perfect match to the amplicon, the 3′ base does not
anneal with the amplicon, and DNA ligase cannot join the
ASO and reporter probes. The ligation products are ana-
lyzed by electrophoresis. Alternatively, one of the probes
can be biotinylated at the 5′ end and the other probe tagged
at the 3′ end with a reporter molecule such as fluorescein
or digoxigenin. If ligation occurs, the ligation product is
biotinylated at one end, facilitating capture onto a strepta-
vidin-coated microtiter plate. The opposite end contains
the reporter label.Washing removes unbound label and the
reporter molecule is detected.
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Dynamic Allele-Specific Hybridization

Dynamic allele-specific hybridization (DASH) is a tempera-
ture-dependent, real-time variation of ASOH.26 Dynamic
allele-specific hybridization begins with amplification of
polymorphic DNA regions by PCR in which one primer is
biotinylated. The biotinylated product strand is bound to a
streptavidin-coated microtiter plate well, and the non-
biotinylated strand is washed away. An oligonucleotide
probe complementary to one allele is annealed to a bound
PCR product strand, forming a DNA duplex that interacts
with a double-strand-specific intercalation dye. On excita-
tion, the dye emits fluorescence proportional to the amount
of double-stranded DNA (probe-target duplex) present. The
duplex is heated through a temperature range while the
fluorescent signal is continually monitored. A rapid fall in
fluorescent signal indicates denaturation of the DNA duplex.
DNA duplexes with nonhomologous regions denature at a
lower temperature than completely homologous DNA. The
melting-temperature profile distinguishes homozygosity for
either allele alone or a heterozygous mixture of the two.

Reverse Transcription–Polymerase 
Chain Reaction

Reverse transcription–polymerase chain reaction (RT-
PCR) may be thought of as RNA-based PCR. RT-PCR was
made possible by the discovery in the early 1970s of retro-
viral reverse transcriptase (RT), an RNA-dependent DNA
polymerase, by David Baltimore and Howard Temin,27 for
which they shared the Nobel Prize in 1975. Reverse tran-
scriptase catalyzes DNA synthesis using RNA as the tem-
plate, producing a DNA strand complementary to the RNA
template, called complementary DNA (cDNA). Because
cDNA is not subject to RNase degradation, it is far more
stable than the corresponding RNA. Complementary DNA
can be treated like any other DNA target in subsequent
PCR. Logistically, RT-PCR is trivially more time-
consuming than PCR due to the extra enzymatic step of
reverse transcription, but there are enzymes that combine
reverse transcription and DNA polymerase activities,
making RT-PCR more efficient. With the introduction of
techniques to successfully isolate and protect RNA from
ubiquitous RNases, and to synthesize cDNA by reverse
transcription and the discovery of PCR, RNA analysis is
now virtually as rapid and sensitive as PCR-based DNA
investigation. RT-PCR is a high-volume test method for the
clinical molecular laboratory due to its use in the diagno-
sis and quantitation of RNA virus infections, principally
HIV and HCV.

Examples of Applications of RT-PCR

1. HIV and HCV viral load determinations
2. Detection of BCR/ABL translocation diagnostic of

chronic myelogenous leukemia

Real-Time PCR

Real-time PCR is based on the generation of a fluorescent
signal by the PCR process, which is detected during PCR
cycling (i.e., in real time) and reflects the amount of PCR
product synthesized.28–30 Different real-time PCR methods
use alternative ways to generate a fluorescent signal during
PCR. These include an intercalating dye such as SYBR
Green that binds the minor groove of DNA, or an oligonu-
cleotide used as a primer or probe and labeled with a
fluorogenic dye. Instruments that combine in vitro nucleic
acid amplification and real-time detection of the PCR
product are dramatically increasing test menus for oncol-
ogy, infectious diseases, and genetics in clinical molecular
laboratories because of the wide range of readily available
amplification primers and detection schemes, rapid turn-
around time, the potential to eliminate the time and costs
associated with electrophoresis, and the reduction in PCR
contamination risk.

Real-time PCR is different from conventional PCR in
several ways.

• Amplicon generation, temperature profiles, and melt
curves are monitored in real time, reducing the time
required for post-PCR analysis. In most cases, there is no
need for postamplification processing of the PCR prod-
ucts. This eliminates the need for gel electrophoresis and,
because the reaction tubes remain closed after PCR
starts, there is decreased risk of amplicon carryover con-
tamination within the laboratory.

• Results are more reproducible between runs since quan-
titation of target is based on amplification cycle thresh-
old in the log-linear phase of amplification rather than
traditional endpoint analysis in the PCR plateau phase.

• Real-time PCR methods have a wide dynamic range, up
to 10 logs.

• Real-time PCR systems with intercalating dye or fluoro-
genic probes can be used to perform melting-curve
analysis. This adds a check for specificity or potentially
the detection of unknown sequence variants (see 
below).

The simplest real-time PCR method uses intercalating
dyes that insert into the stacked bases of DNA PCR prod-
ucts, allowing detection of amplification in real time. These
dyes, for example, SYBR Green and EtBr, are nonsequence-
specific dyes that increase in fluorescence when bound to
double-stranded DNA. Intercalating dyes are often used for
melting-curve analysis, qualitative and semiquantitative
PCR, product discrimination and purity, and determina-
tion of primer and probe melting Tm. Intercalating dyes can
be used for quantitative PCR. Results, however, are more
specific and accurate with a sequence-specific probe since
fluorescence is directly proportional to the amount of
specific amplicon produced and reduces the background
contributed by primer-dimers or nonspecific PCR prod-
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ucts. Intercalating dye fluorescence represents all double-
stranded DNA, including primer-dimers and other non-
specific product that can be visualized with an endpoint
melting-curve analysis.

Most fluorogenic oligonucleotide techniques take ad-
vantage of the principle of fluorescent resonance energy
transfer (FRET), in which the energy from one dye mole-
cule (the donor) is transferred without the emission of a
photon to an acceptor dye molecule when the two are in
close proximity. If the acceptor is a fluorophore, a photon
is emitted at a characteristic wavelength. However, if the
acceptor does not emit a photon, the energy is dissipated
and fluorescence from the donor is quenched. The reporter
dye can be either the donor (if no FRET takes place) or the
acceptor (if FRET does take place) and is defined as the one
whose fluorescence correlates with the quantity of desired
PCR amplicon. Several fluorogenic techniques are
described below.

TaqMan

TaqMan uses a short probe complementary to a non-
primer internal sequence of the PCR product. The probe is
labeled at the 5′ end with a reporter donor dye and at the
3′ end with an acceptor dye that quenches the reporter
when the probe is intact. During the extension phase of
PCR, probe bound to an amplicon is cleaved by the 5′
endonuclease activity of Taq polymerase, freeing the
reporter dye from the quencher and resulting in fluores-
cence. The fluorescent signal increases proportionally to
the number of amplicons generated during the log-linear
phase of amplification. To ensure that hydrolysis of the
probe occurs, a two-step PCR can be used with annealing
and extension taking place at the same temperature
(~60°C). Ideally, the TaqMan probe binding site is located
near one primer and the size of the amplicon is no longer
than 200 to 300 bases. One negative aspect of this format is
that once the probe is hydrolyzed, it is unavailable for sub-
sequent reactions or melting-curve analysis, thus requiring
an excess amount of probe in the reaction mix with the
potential to decrease the PCR efficiency.

Molecular Beacon

A molecular beacon is a longer probe with a 5′ reporter 
dye and 3′ quencher dye. The probe forms a hairpin loop
structure when not bound to target DNA, thereby juxta-
posing the dyes with quenching of fluorescence. The loop
sequence is complementary to the non-primer amplicon
sequence. When the loop of the molecular beacon probe
hybridizes to the amplicon during the annealing step of
real-time PCR, the reporter dye is separated from the
quencher, resulting in fluorescence. For the molecular
beacon probe to anneal to the amplicon, the amplicon-
probe hybrid must be more stable than the internal base-

pairing hairpin so that a fluorescent signal is generated.
Generally, DABCYL is the nonfluorescent universal
quencher and the other dye is a reporter fluorophore such
as FAM, Cy3, TET, TAMRA, Texas Red, ROX, or Cy5.

Hybridization

Hybridization is a two-probe system in which one probe
contains a donor dye and the other contains the reporter
acceptor dye. The probes are designed to anneal to one
strand of the PCR product adjacent to one another and
internal to the primers. This juxtaposes the dyes, allowing
FRET to occur. This probe format works well with 
the traditional three-step PCR with annealing at ~55°C
(primer specific) and extension at 72°C, the optimal tem-
perature for Taq polymerase activity. When DNA poly-
merase encounters the probes, they are displaced from the
target strand rather than hydrolyzed and thus available for
the next round of amplification as well as endpoint
melting-curve analysis.

Uniprimer (Amplifluor, Sunrise)

Like molecular beacon probes, the uniprimer system uses
a hairpin structure in the oligonucleotide to quench
fluorescence. The 3′ region of the fluorogenic oligonu-
cleotide is identical to a nonbinding region at the 5′ end of
the reverse PCR primer. This allows the fluorogenic
oligonucleotide to become a primer for the newly formed
amplicon by the third round of PCR. The probe is then
opened in the fourth and subsequent rounds of PCR by the
polymerase action of Taq, allowing fluorescence to occur.
The advantage of this system is that the same fluorogenic
oligonucleotide can be used in any PCR reaction (univer-
sal fluorogenic primer).

Scorpion

Scorpion also uses a hairpin structure in the oligonu-
cleotide to quench fluorescence. The fluorogenic oligonu-
cleotide is part of the reverse primer, and the nucleotides
in the hairpin are complementary to the PCR amplicon
sequence between the primers. The Scorpion primer
unfolds and anneals to the PCR amplicon, allowing fluores-
cence to take place beginning in the first round of PCR.

Lux

Lux is a variation of real-time PCR that uses a single
fluorophore in a primer with a hairpin loop structure. The
fluorophore is quenched by the complementary structure
of nucleotides in the stem of the hairpin loop. When the
primer is incorporated into double-stranded DNA, thus
opening the hairpin loop, fluorescence is maximal. The
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advantage of this system is lower production costs with the
use of only one fluorophore.

Real-Time PCR Method

The following concepts are important for understanding
the use of real-time PCR in a clinical diagnostic laboratory.
When optimizing real-time PCR, the growth curve of the
fluorescent signal versus the number of PCR cycles should
be monitored to determine when optimal conditions have
been achieved (Figure 2-2). The growth curve should 
be sigmoidal (S shaped) with three phases: baseline 
(background signal or lag phase), log-linear (exponential
amplification phase), and plateau. For each phase, several
characteristics should be assessed. The baseline phase of
the curve represents initial cycles of amplification in which
accumulation of the specific signal has not yet exceeded the
background signal. The fluorescent signal in this phase is
from unbound probe or autofluorescing components in the
reaction. The log-linear phase of the curve represents
exponential amplification of the target (see Figure 2-1) and
provides useful information about the reaction. The curve
can be described by the following equation: Tn = T0(E)n,
where Tn is the amount of target sequence at cycle n, T0 is
the initial amount of target sequence at cycle 0, and E is the
amplification efficiency of the target sequence. The cross-
ing point represents the number of PCR cycles at which the
growth curve enters the log-linear phase. There is an
inverse linear relationship between the crossing-point
cycle number and the number of template copies present
in a reaction.

The slope of the log-linear phase is a reflection of
amplification efficiency, and the efficiency of the reaction
can be determined by identifying the crossing points of
known standards and plotting a line of linear regression
(see Figure 2-3). The efficiency can then be determined
using the following equation: E = 10−1/slope, where E is
efficiency and slope is the slope of the standard curve.
Using this equation, the slope should be between −3 and 
−4, with −3.3 indicative of efficiency close to or at 2. The

inflection point is the point at which the log-linear
amplification curve goes from positive to negative and
begins to enter the plateau phase. If there is no inflection
point, the curve may represent not amplification of DNA,
but rather signal drift. Drift is characterized by gradual
increase or decrease in fluorescence without amplification
of product.

Plateau is defined as the phase of growth when critical
components become rate limiting and amplicon accumu-
lation is minimized or stops. The plateau is also the point
at which incremental increase in fluorescent signal stops.
As the rate of accumulation slows and enters the plateau
phase, the curve levels. Since endpoint measurements are
often made in conventional PCR when reaction compo-
nents are limited, minor sample variations can have a rel-
atively major effect on endpoint product. Real-time PCR
focuses on the rate of amplicon accumulation (log-linear
phase and cycle threshold or crossing point), not on end-
point signal. The plateau phase can be shortened by
decreasing the number of cycles for a product of greater
purity. Several factors contribute to the plateau phase: PCR
product reannealing versus primer annealing, enzyme or
dNTPs becoming limiting, and amplicon buildup with
resultant reaction inhibition.

Real-time PCR utilizes the log-linear phase of the
amplification curve for data analysis. This method provides
a more accurate measurement than endpoint analysis. The
cycle at which the curve crosses a specified threshold is
called the cycle threshold (Ct), or crossing point (Cp). The
Ct value can be used for qualitative or quantitative analy-
sis. A qualitative analysis uses the defined Ct as a pass/fail
measurement. A quantitative assay uses the Ct of defined
standards of known template concentration to generate a
standard curve. Then the Ct values for unknown samples
are used to extrapolate the concentration(s) in the
unknown samples from the standard curve. Some real-time
instrumentation software allows determination of the Ct
by a mathematical analysis of the amplification curve,
rather than crossing at a set fluorescent signal threshold.
Plotting the second derivative of the growth curve gener-
ates a peak that corresponds to a point near the baseline of
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Figure 2-2. Real-time PCR curves for a 10-fold dilution series of a
known standard. Data provided by Roche Molecular Diagnostics. (Used
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the growth curve (see Figure 2-4). The cycle at which this
peak occurs is designated as the Ct or Cp. This analysis
method can provide better run-to-run reproducibility than
manually setting the Ct using the primary signal.

DNA Methylation and Methylation-Specific PCR

DNA methylation is a mechanism by which the cell regu-
lates gene expression. Methylation is an enzyme-mediated
modification that adds a methyl (-CH3) group at a selected
site on DNA or RNA. In humans, methylation occurs only
at cytosine (C) bases followed by a guanosine (G), known
as CpG dinucleotides. The CpG dinucleotides are prone to
spontaneous mutations and have been selectively depleted
from the mammalian genome. However, some regions of
DNA have retained CpG dinucleotides and are referred 

to as CpG islands. The CpG islands are found primarily in
the 5′ region of expressed genes, often in association with
promoters. When the promoter CpG island is methylated,
the corresponding gene is silenced and transcription 
does not occur. This is one method of silencing imprinted
genes, as the transcription repression is passed on 
through cell division. Aberrant CpG island methylation of
tumor-suppressor genes is frequent in cancer and 
appears to be an important mechanism of neoplastic 
transformation.

Methylated DNA can be distinguished from unmethy-
lated DNA using sodium bisulfite treatment of DNA, which
converts unmethylated C to uracil (U) but leaves methy-
lated C intact.31 This in vitro treatment can then be fol-
lowed by one of several methods to distinguish C from U,
including restriction endonuclease digestion with methy-
lation-sensitive enzymes, sequencing, or methylation-
specific PCR (MSP).32 MSP of bisulfite-treated DNA uses
primer pairs that specifically identify either methylated or
unmethylated DNA. The primers are designed to hybridize
to regions containing one to three CpG sites concentrated
in the 3′ region of the primer to increase the specificity of
amplification, and enough non-CpG cytosines to ensure
that unmodified DNA is not amplified. Gel electrophoresis
is used to detect the presence or absence of the amplicon
in each of the two reactions, indicating the presence of
unmethylated or methylated alleles or both. A novel
modification is the use of quantitative MSP, which com-
bines MSP with real-time PCR to distinguish the high-level
CpG methylation in neoplasia from low-level methylation
that can occur with aging or in nonneoplastic conditions
such as metaplasia.33

Examples of Applications of Methylation-Specific PCR

1. Analysis of imprinted genes
2. Clonality assessment based on X chromosome 

inactivation
3. Abnormal methylation in neoplasia
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PCR Variations for Unknown 
Sequence Variants

Most of the techniques discussed above are used to screen
for sequence variants (both mutations and polymor-
phisms) based on previous knowledge of the variant; i.e.,
the sequence of the variant is either known or defined by
the experimental conditions. By contrast, there is an evolv-
ing interest in both research and clinical molecular pathol-
ogy to identify sequence variants by scanning without
prior knowledge of their existence; i.e., the sequence of the
variant is unknown. Sequencing is the ultimate screening
technique, but is costly and labor-intensive. The goal of the
scanning techniques described below (denaturing gradient
gel electrophoresis [DDGE], and temperature gradient gel
electrophoresis [TGGE], heteroduplex analysis [HA],
single-strand conformation polymorphism [SSCP],
denaturing high-performance liquid chromatography
[DHPLC], and protein truncation test [PTT]) is to identify
specimens with possible variant sequences, thereby reduc-
ing costs relative to sequencing. Should an unknown
variant be detected, for example by a shift in the mobility
of the PCR product on a gel or capillary, the PCR product
with altered mobility is isolated and sequenced. Melting-
temperature analysis in real-time PCR also can be used to
identify unknown sequence variants.

Denaturing Gradient Gel Electrophoresis and
Temperature Gradient Gel Electrophoresis

Denaturing gradient gel electrophoresis (DGGE)34,35 and
temperature gradient gel electrophoresis (TGGE)36,37 are
similar methods for separating DNA fragments with
similar lengths but with different sequences according to
their mobilities under a linear gradient of increasingly
denaturing conditions. The gradient is created in DGGE
with a mixture of urea and formamide, and in TGGE with
a combination of water baths and a cooling plate under the
gel. Both DGGE and TGGE take advantage of the markedly
decreased mobility of partially melted dsDNA compared to
either fully annealed dsDNA or ssDNA. Melting within a
dsDNA fragment occurs within stretches of base pairs
called melting domains. The point at which a domain
begins to denature is referred to as the melting tempera-
ture (Tm), whether melting was induced by temperature or
denaturing chemicals. In general, GC-rich sequences are
more resistant to denaturation because of the three hydro-
gen bonds holding G and C together, as opposed to the two
hydrogen bonds between A and T. During electrophoresis,
once a dsDNA fragment reaches the point at which the
melting domain with the lowest Tm begins to denature,
mobility of the fragment through the gel nearly ceases.
Fragments that melt early in the gel can therefore be sepa-
rated from those that melt later. Complete denaturation of

the dsDNA can be prevented by adding a GC-rich region to
the 5′ end of one of the primers (GC clamp), increasing the
sensitivity for detection of sequence variants.

In DGGE and TGGE, the denaturing conditions and the
time of electrophoresis should be optimized such that
normal sequences migrate to an intermediate position in
the gel by the end of electrophoresis. This allows sequence
variants creating either a higher or lower Tm to be
identified. The denaturing gradient may be perpendicular
or parallel to the electric field. Perpendicular gradient gels
covering a broad range of denaturing conditions are loaded
with normal sequence in all lanes to find the optimal, nar-
rower denaturing gradient (chemical or temperature) for
later use in parallel gradient gels. Parallel gradients are
then used to run samples but also to optimize the time of
electrophoresis by loading the normal sequence to differ-
ent lanes at different times. Double-gradient DGGE adds a
sieving gradient, for example, 6% to 12% polyacrylamide,
colinear with the denaturing gradient in the gel matrix,
further improving band resolution.

Both DGGE and TGGE work best with DNA fragments
less than 500 bp in length. When GC-clamped fragments
are analyzed, the sensitivity of detecting a SNP is close to
99%. Following electrophoresis, specific bands can be iso-
lated from the gel and sequenced. DNA fragments with a
high GC content are not easily analyzed by DGGE, since all
fragments are harder to melt.

Examples of Applications of DGGE or TGGE

1. APC gene mutation analysis in familial adenomatous
polyposis38

2. CTFR gene mutation analysis in cystic fibrosis39

3. TCRG gene rearrangements in lymphoma40

Heteroduplex Analysis

Heteroduplex formation results when wild-type and
mutant alleles are coamplified, denatured, and allowed to
reanneal in a post-PCR annealing step, usually heating and
cooling.41 Some of the strands pair with the complemen-
tary strand from the same allele and form homoduplexes.
However, some strands pair with a strand from the other
allele and form heteroduplexes. Because the heterodu-
plexes have mismatched base pairs between strands, they
form a partially open dsDNA sequence that migrates more
slowly in electrophoresis than the fully annealed 
homoduplexes.

Two types of heteroduplex structures can be formed.42

When the mismatch consists of one or more single-base
mutations, small open areas of dsDNA called “bubble-type”
heteroduplexes are formed. When the mismatch is formed
by insertions or deletions between the two alleles, a pro-
nounced bending of the dsDNA is produced and referred
to as a “bulge-type” heteroduplex. Bulge-type heterodu-
plexes markedly affect the mobility of the dsDNA, whereas
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bubble-type heteroduplexes may be difficult to detect in
polyacrylamide gels. Detection of single base-pair mis-
matches can be enhanced in two ways. Electrophoresis 
can be performed with mutation detection enhancement
(MDE) gels, an altered form of polyacrylamide that
enhances separation of heteroduplexes. The post-PCR
introduction of a known sequence with a short deletion to
form a bulge-type heteroduplex enhances the separation of
sequences with base-pair mismatches in a process known
as universal heteroduplex generation (UHG).

Examples of Applications of Heteroduplex Analysis

1. HIV subtyping
2. CFTR gene mutation analysis in cystic fibrosis
3. NF1 gene mutation analysis in neurofibromatosis type 1

Single-Strand Conformation Polymorphism

The principle of single-strand conformation polymor-
phism (SSCP) is the differential gel separation of ssDNA
that folds into a specific secondary structure based on its
sequence.43–45 For SSCP, the region of interest is amplified
and the resulting amplicons are denatured using heat or 
a denaturation buffer, or both, prior to gel or capillary 
electrophoresis. Amplicons with different sequences will
assume different folding conformations upon dena-
turation. Conformational differences reflecting sequence
changes are detected as differences in electrophoretic
mobility of the ssDNA in a nondenaturing polyacrylamide
matrix. In general, a wild-type sample generates two bands,
one for each of the two strands of the dsDNA product.
Bands of mutant ssDNA migrate to positions different from
those of the wild-type ssDNA. A homozygous mutant
sample generates two bands, but with different migration
patterns from the two wild-type bands. If a heterozygous
mutant is present, four bands are generated: two with wild-
type mobility and two with mutant mobility. Three also can
be observed bands in heterozygous specimens if the muta-
tion changes the conformation of only one strand but not
the other. The bands with altered mobility can be isolated
from wild-type bands in the gel, allowing even rare somatic
mutations in tumors to be sequenced.

Temperature, ionic environment, and pH affect the con-
formation and therefore must be held constant throughout
the SSCP run. Accurate temperature control during SSCP
increases reliability and is an easily modifiable parameter
in repeatable, nonisotopic experiments that may increase
sensitivity. SSCP is adversely affected if unincorporated
primers are allowed to bind to the ssDNA during denatur-
ing and cooling prior to electrophoresis, or if nonspecific
bands are produced by low-fidelity PCR. In SSCP, elec-
trophoretic mobility patterns of variant alleles can be
difficult to distinguish from wild type. Another disadvan-
tage is that multiple experimental conditions are required
for 100% sensitivity for detection of all sequence variants.

SSCP is most sensitive when the DNA amplicon is less
than 200 bp in length. Sensitivity decreases as fragment
length increases. This can be overcome by multiplexing 
differently sized fragments onto a single gel lane and by
restriction enzyme digestion prior to electrophoresis.
When restriction endonucleases are used, the procedure is
referred to as restriction endonuclease fingerprinting–
single-strand conformation polymorphism (REF-SSCP).
Additionally, SSCP is relatively less sensitive for detecting
G to C mutations. The addition of glycerol enhances muta-
tion detection in this circumstance.

Variations of SSCP include RNA-SSCP (rSSCP), dideoxy
fingerprinting (ddF), bidirectional ddF (bi-ddF), and SSCP
detection of virtually all mutations (DOVAM-SSCP). RNA
is more stable and adopts more conformational structures
than does ssDNA, allowing enhanced detection using
rSSCP. RNA-SSCP is not widely used because of the relative
difficulty in producing RNA for analysis. Dideoxy finger-
printing involves a dideoxy Sanger single-primer termina-
tion reaction (cycle-sequencing reaction; for additional
information on the Sanger reaction, see the section on
sequencing, above) followed by nondenaturing elec-
trophoresis. A fingerprint bandshift is indicative of
sequence changes. Bidirectional ddF is an advancement of
ddF whereby the dideoxy Sanger termination reaction is
performed with two opposing primers in the same tube.
SSCP detection of virtually all mutations is a recently
described modification in which SSCP is performed under
different conditions with different buffers and gel matrices
that result in overall increased sensitivity for mutation
identification.

The detection of an altered SSCP pattern does not iden-
tify the exact sequence variation present in the analyzed
DNA.Therefore,positive SSCP results require DNA sequence
analysis to confirm and identify sequence variation.

Examples of Applications of SSCP

1. Screening for mutations in the adenomatous polyposis
coli (APC) gene

2. Mutation analysis of the ATP7B gene in Wilson disease
3. Mutation analysis in BRCA1 (in familial breast cancer)
4. Pathogen identification46

Denaturing High-Performance 
Liquid Chromatography

Denaturing high-performance liquid chromatography
(DHPLC) is an ion-paired, reversed-phase, liquid chro-
matography method used to identify mutations, including
SNPs and small insertions or deletions, through its ability
to separate heteroduplex DNA from homoduplex DNA47.
DHPLC is conceptually similar to heteroduplex analysis
(HA; see above). Conventional HA makes use of a gel matrix
to separate homo- and heteroduplex species in a non-
denaturing environment, whereas DHPLC uses partially
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denaturing conditions in a liquid chromatography column
to exaggerate the separation between the two species.

The gene to be studied is first amplified using PCR.
High-fidelity PCR is used to prevent the production of PCR
artifacts (pseudoalleles) that could produce false-positive
results. Optimal amplicon length is between 100 and 
500 bp. Purifying the PCR product is usually not necessary,
as unincorporated primers, nucleotides, and genomic DNA
do not interfere with the analysis. DHPLC requires het-
eroduplex formation, accomplished by heating and slow
cooling. Therefore, for conditions in which only one variant
allele type may be present (such as recessive diseases, X-
linked conditions in males, or small tumor samples with
loss of heterozygosity in all cells), PCR products from
normal and patient samples are mixed in equal propor-
tions before heating and cooling to produce heteroduplex
DNA and distinguish from homozygous wild-type alleles.
The addition of normal PCR amplicons is not required
when using DHPLC to test PCR products from heterozy-
gous individuals, which naturally form heteroduplexes
when denatured and slowly cooled.

The duplexes are injected into a DHPLC column, and the
DNA binds to the stationary matrix. Binding is aided by 
triethylammonium acetate (TEAA). Because the stability of
the binding depends on the temperature, the column is
optimally held at the melting temperature of the PCR frag-
ment. The melting temperature can be calculated using a
variety of proprietary or free software programs. The DNA
is next eluted using acetonitrile, an organic solution that
facilitates the subsequent separation of the DNA from the
column matrix, and DNA absorbancy is measured at 
260 µm. The linear gradient of acetonitrile established in
the column allows separation of DNA fragments based 
on size or the presence of heteroduplexes, or both. All 
DNA fragments impart a characteristic profile when 
the absorbance is plotted against elution time. The peak 
of maximum absorbance is the retention time of that 
DNA sample at a given acetonitrile concentration. Het-
eroduplexes are less stable and thus have a lower affinity
for the column. The concentration of acetonitrile required
to separate heteroduplexes from the column is therefore
lower, so heteroduplexes elute from the column earlier than
homoduplexes.

The column temperature and gradient conditions can 
be optimized for the separation of any heteroduplex-
homoduplex mixture. Some DNA fragments have more than
one melting domain and the analysis may be carried out at
more than one temperature.One advantage of DHPLC is that
reinjection of the same sample at different temperatures is
possible. Other advantages include high detection rates of
mutations, rapid separation times per sample, a high degree
of automation, and the ability to collect elution fractions and
sequence each eluted fragment. Disadvantages of DHPLC
include the need for expensive equipment and columns,
high-fidelity PCR, and optimization of each reaction
required to achieve the highest sensitivity of mutation 
detection.

Examples of Applications of DHPLC

1. RET and CFTR mutation detection48

2. BRCA1 and BRCA2 mutation analysis49

Protein Truncation Test

The protein truncation test (PTT) is used to identify muta-
tions that result in premature termination of protein trans-
lation. PTT detects mutations at the protein rather than 
the genomic DNA or RNA levels. Initially developed for
Duchenne muscular dystrophy (DMD) testing, PTT now is
used more widely,50 since protein-truncating mutations are
associated with multiple types of hereditary cancer syn-
dromes, including breast, ovarian, and colon.

For PTT, the gene segment of interest is amplified by
PCR. The amplicons are used for in vitro transcription and
translation in a coupled reaction. The resulting proteins are
separated using sodium dodecyl sulfate (SDS) polyacry-
lamide gel electrophoresis. The presence of a premature
termination codon is indicated by the visualization of a
lower-molecular-weight protein band than for the wild-
type protein. Relatively large gene fragments (2–4 kb) can
be analyzed using PTT.

Examples of Applications of PTT

1. Duchenne muscular dystrophy diagnosis
2. BRCA1 and BRCA2 mutation detection51

3. APC mutations in colorectal cancer52

Other Forms of In Vitro Nucleic 
Acid Amplification

PCR is widely used in the clinical laboratory. The propri-
etary nature of PCR prompted other in vitro diagnostic
companies to develop alternative methods of in vitro
nucleic acid amplification. Several are described here:
ligase chain reaction (LCR); transcription mediated
amplification (TMA), strand displacement amplification
(SDA); and nucleic acid sequence–based amplification
(NASBA).

Ligase Chain Reaction

Ligase chain reaction (LCR)53,54 is initiated when a mixture
of target DNA, thermostable DNA ligase, four oligonu-
cleotide probes, and NAD+ or ATP is heated to denature
dsDNA (both target and complementary probes) in the
reaction mixture. Two pairs of complementary probes are
used, and, of necessity, their correct design demands a
priori knowledge of the sequence of the DNA target. After
denaturation and subsequent reaction cooling, the four
probes present in the reaction mixture hybridize to their
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complementary sequences on each target DNA sister
strand. The two probes that hybridize to one sister strand
and the two probes that bind to the other sister strand are
designed such that when hybridized, the 3′ hydroxyl end of
the upstream probe is immediately adjacent to the 5′ phos-
phate end of the downstream probe. Thermostable DNA
ligase enzymatically ligates the two bound probes, thus
achieving a “doubling” of the mass of target DNA in the
reaction. As the temperature cycling proceeds, a theoreti-
cal exponential amplification of the mass of target DNA in
the original reaction occurs because the resultant ligated
amplicons also serve as targets for probe hybridizations. In
practice, amplification is less than exponential, but
sufficient to achieve target DNA identification by various
detection methods.

There is a tendency for target-independent blunt-end
ligation of the probes in the reaction to occur in LCR,
which can cause unacceptably high levels of background
signal, limiting the assay’s sensitivity and specificity. This
problem has been solved by use of gap LCR (G-LCR). In G-
LCR, the probes are designed such that they cannot be
ligated in a target-independent manner because they are
not blunt ended. When G-LCR probes hybridize to target
DNA, a gap of one or more bases exists between the probes

hybridized to the same target strand. This gap is then 
biochemically “filled” in vitro, thus providing a suitable
substrate for DNA ligase, which then performs target-
dependent ligation.

Examples of Applications of LCR

1. Chlamydia trachomatis detection
2. Neisseria gonorrhoeae detection

Transcription-Mediated Amplification

Transcription-mediated amplification (TMA) uses RNA as
the template, two primers and two enzymes: reverse tran-
scriptase and RNA polymerase. One primer contains a 
promoter sequence that binds RNA polymerase. As the
amplification process begins, the promoter-containing
primer hybridizes to the target RNA at a complementary
site (Figure 2-5). Reverse transcriptase then synthesizes a
cDNA copy of the target RNA template by extension of the
3′ end of the promoter-primer. The result is an RNA : DNA
duplex. The RNA component is degraded by the activity of
the enzyme RNase H inherent in reverse transcriptase. The
other primer in the reaction mixture hybridizes to the DNA
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Figure 2-5. Transcription-mediated amplification cycle (TMA):
Step 1. Promoter-primer binds to rRNA target.
Step 2. Reverse transcriptase (RT) creates DNA copy of rRNA target.
Step 3. RNA:DNA duplex.
Step 4. RNAse H activities of RT degrades the rRNA.
Step 5. Primer 2 binds to the DNA and RT creates a new DNA copy.
Step 6. Double-stranded DNA template with a promoter sequence.
Step 7. RNA polymerase (RNA Pol) initiates transcription of RNA from

DNA template.
Step 8. 100 to 1000 copies of RNA amplicon are produced.
Step 9. Primer 2 binds to each RNA amplicon and RT creates a DNA

copy.
Step 10. RNA:DNA duplex.
Step 11. RNAse H activities of RT degrades the rRNA.
Step 12. Promoter-primer binds to the newly synthesized DNA. RT

creates a double-stranded DNA and the autocatalytic cycle
repeats, resulting in a billion-fold amplification.

(Reprinted with permission from Gen-Probe.)
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copy, and a new DNA strand is synthesized from the end of
the primer by RT, generating a dsDNA molecule. The other
enzyme in the mixture, RNA polymerase, binds the pro-
moter sequence in the DNA template and initiates tran-
scription. Each of the resulting newly synthesized RNA
amplicons reenters the TMA cycle, serving as a template for
a new round of replication and exponential expansion of
the RNA target. Each DNA template can generate 102 to 103

copies of RNA amplicon, with the potential for 108- to 109-
fold amplification in less than 1 hour. The process is auto-
catalytic and isothermal. Acridinium ester–labeled DNA
probes are added on completion of the reaction to initiate
detection and quantitation based on chemiluminescence.

Examples of Applications of TMA

1. Chlamydia trachomatis detection55

2. Neisseria gonorrhoeae detection
3. HCV detection (qualitative)56

Strand Displacement Amplification

Strand displacement amplification (SDA) is an isothermal
in vitro nucleic acid amplification technique.57 Hemi-
modified DNA is polymerized by using three conventional
dNTPs and one containing a 5′-[alpha-thio]triphosphate.
The primer(s) is designed with an RE recognition site in
the 5′ overhang end. The recognition site is specific for an
RE that can nick the unmodified DNA strand at a double-

stranded hemiphosphorothioate recognition site, that is,
when the newly synthesized strand incorporates the 5′-
[alpha-thio]triphosphate nucleotide in the recognition
sequence. DNA polymerase lacking 5′ to 3′ exonuclease
activity is used to extend the 3′ end at the nick and displace
the downstream strand. Nicking and polymerization with
re-formation of the hemiphosphorothioate recognition 
site continuously cycle, generating complementary copies
of the DNA target. Linear amplification (called target-
generation SDA) occurs when a single primer is used.
Exponential amplification (exponential SDA) is achieved
by using two primers complementary to opposite DNA
strands, with both primers containing RE recognition sites
in the 5′ overhang end. Strand displacement amplification
has been used in a microarray format,58 which may become
a clinically useful method to combine amplification of low
copy number targets with the multiple features of micro-
array in a format that can be automated.

Examples of Applications of SDA

1. Chlamydia trachomatis detection
2. Neisseria gonorrhoeae detection

Nucleic Acid Sequence–Based Amplification

Nucleic acid sequence–based amplification (NASBA) is an
isothermal method for amplifying nucleic acids using two
sequence-specific primers (P1, antisense, and P2, sense;
see Figure 2-6), and the coordinated activities of three

Sense RNA

Oligo P1

Reverse
transcriptase

RNase H
Oligo P1

Reverse transcriptase

T7 RNA polymerase

Reverse transcriptase

Antisense RNA

Primer P2RNase H
primer P2

Reverse
transcriptase

T7 RNA polymerase

Molecular
beacon

Fluorophore Quencher

P2

P1 41 °C

Light
Amplification in detail

Figure 2-6. Schematic of NASBA reaction. Two primers are used: P1
(antisense) and P2 (sense). The P1 overhang is a promoter sequence
for T7 RNA polymerase. A molecular beacon (with fluorophore and
quencher, by definition) serving as probe with reporter molecules
coupled to NASBA generates a real-time detection system.
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enzymes, avian myeloblastosis virus reverse transcriptase
(AMV-RT), RNase H, and T7 RNA polymerase.59 A primer
with a T7 RNA polymerase recognition sequence at its 5′
end is used by AMV-RT to transcribe cDNA from the RNA
template. The RNA template is destroyed by RNase H.
AMV-RT then uses the second primer to synthesize
dsDNA. The T7 RNA polymerase uses the dsDNA to syn-
thesize multiple antisense RNA transcripts, and the cycle is
repeated. Generally, amplification is approximately 1012-
fold in 1 to 2 hours.

In NASBA, nucleic acids serve as amplification templates
only if they are single stranded and contain primer-binding
regions. NASBA is performed isothermally at 41°C, so RNA
is preferentially amplified, because at this temperature
genomic DNA remains double stranded and does not bind
primers. It is therefore possible to detect RNA in a genomic
DNA background without getting false-positive results.
Specific DNA amplification using NASBA may be done by
introducing a denaturation step before amplification.

Quantitative detection of target nucleic acids is achieved
by use of an internal calibrator added at RNA isolation.
The calibrator is included at a known concentration, is
coamplified during the NASBA process, and is subse-
quently identified along with the target RNA. Quantitation
is based on the analysis of signals generated in real time
(one color for calibrator and another for target).

Examples of Applications of NASBA

1. HIV quantitation
2. CMV detection

Amplicon Carryover Contamination

Vast numbers of target DNA copies are generated when
PCR and other in vitro nucleic acid amplification tech-
niques are used. By contrast, signal amplification methods
(see below) do not generate vast quantities of amplicon and
so do not create the potential for amplicon carryover con-
tamination of the laboratory workspace. Amplicons from
previous reactions inadvertently introduced into new
amplification reactions for the same amplicon are suitable
substrates for amplification. Clinical molecular laborato-
ries must therefore take precautions to prevent generation
of false-positive results from amplicon carryover 
contamination.

Amplicon contamination and false-positive results are
prevented by using physical barriers and chemical and
ultraviolet techniques to destroy amplicons or make them
unsuitable for amplification. The physical barriers include
large-scale separation of nucleic acid isolation, PCR setup,
thermal cycling, and post-PCR analysis in separate areas of
the laboratory (different rooms).Air flow is controlled such
that air pressure is positive, that is, flows out of the room,
in the isolation and PCR setup rooms and is negative in the
thermal cycling and post-PCR analysis rooms. Hoods are
another way of providing physical separation of the differ-

ent PCR steps. Small-scale physical separation techniques
include the use of barrier pipette tips, frequent glove
changes, designated lab coats that do not leave the pre- or
post-PCR areas of the laboratory, and PCR tube openers or
careful, slow opening of tubes to prevent aerosolization of
contents. Real-time PCR reduces the chances of amplicon
contamination since the PCR product can be detected and
quantified without opening the real-time PCR reaction
vessel after PCR.

Chemical techniques include thorough cleansing with
bleach of work areas and instruments before and after use.
Ultraviolet lights are frequently placed in hoods and work
areas. Ultraviolet light creates thymine dimers within
amplicons, rendering the amplicons unsuitable as sub-
strates for further amplification. The introduction of isop-
soralens in PCR reactions allows DNA cross-linking of
amplicons by UV light, also rendering them unsuitable for
further amplification. Deoxyuridine may be used in lieu of
thymidine in the reaction mixture. Use of deoxyuridine has
minimal effect on amplification or product detection, but
amplicons with uracil are substrates for uracil-N-glycosy-
lase (UNG). UNG has no effect on DNA that contains only
thymidine residues (new patient DNA in subsequent reac-
tions) but digests the uracil-containing amplicons, allow-
ing removal of amplicons before PCR proceeds.62 So-called
UNG sterilization may therefore be performed prior to
PCR to rid the reaction of any amplicon contaminants that
may be present.

Signal Amplification Methods

Branched DNA Method

The branched DNA method (bDNA)63,64 is carried out in
microwells and begins with the addition of a lysis buffer to
a small volume of serum, plasma, or culture supernatant
containing cells or virus. The lysis reagent contains 
detergent to release target nucleic acid, inhibitors to pre-
vent target degradation, and multiple capture extenders
(oligonucleotides) that hybridize to specific areas of the
target RNA or DNA. In the case of the HIV bDNA assay,
the capture extenders hybridize to multiple sequences in
the pol gene.A common sequence on the capture extenders
interacts with capture probes immobilized on the surface
of 96-microwell plates, thereby anchoring the target nucleic
acid to the plate.

Multiple target probes are added that hybridize to dif-
ferent, conserved sequences on the target RNA or DNA. In
the HIV bDNA assay, more than 80 target probes covering
a large portion of the 3000 bp of the pol gene are used. The
target probes contain key sequences that form the founda-
tion for signal amplification, accomplished via the sequen-
tial addition of preamplifier (complementary to a region of
the target probes), amplifier (complementary to a region of
the preamplifier molecule), and alkaline-phosphatase-
modified label probes (complementary to portions of the
amplifier molecule).
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Preamplifier, amplifier, and label probes, as well as the
preamplifier region of the binding probes, contain the non-
natural nucleotides 5-methyl-2′-deoxyisocytidine (isoMeC)
and 2′-deoxyisoguanosine (isoG). These isomers of natural
bases can participate in Watson-Crick base pairing with
each other but not with cytosine or guanine residues in
probes or in DNA or RNA sequences. Incorporation of non-
natural bases into the synthetic probe molecules increases
the specificity of hybridization by decreasing nonspecific
probe interactions, and increases the sensitivity of the
assay since higher concentrations of probes can be used.

The series of probes results in formation of large
hybridization complexes on the target RNA or DNA. For
example, if each hybridization step was 100% efficient in
the HIV bDNA assay, each target molecule would be labeled
with more than 10,000 alkaline phosphatase molecules.
Addition of dioxetane substrate for the alkaline phos-
phatase results in steady-state chemiluminescence. The
luminescent signal is proportional to the amount of target
RNA or DNA present in the sample. The amount of target
RNA or DNA in a specimen may be calculated by interpo-
lation from a standard curve generated by signals pro-
duced from calibrators that contain known con-
centrations of the specific viral, bacterial, or cellular 
RNA or DNA. A schematic of this technology is shown in
Figure 2-7.

Examples of Applications of bDNA method

1. HIV quantitation65,66

2. Hepatitis B virus (HBV) quantitation67–70

3. HCV quantitation71,72

Hybrid Capture

Hybrid capture (HC) is a signal amplification system based
on antibody binding of RNA:DNA hybrids. The first step of
HC is the hybridization of unlabeled RNA probes with
denatured target DNA. The resulting RNA:DNA hybrids are
captured to the surface of microplate wells by an immo-
bilized antibody that recognizes RNA:DNA hybrids. A
second anti-RNA:DNA monoclonal antibody conjugated to
alkaline phosphatase then is added. Many secondary anti-
bodies bind to each RNA:DNA hybrid. Dioxetane-based
substrate is added, which is cleaved by the alkaline phos-
phatase, producing a chemiluminescent signal. The signal is
measured using a microplate luminometer and is propor-
tional to the amount of target DNA in the specimen.73 The
sensitivity of HC can be increased by using a precipitation
buffer and high-speed centrifugation.

Examples of Applications of HC

1. Human papilloma virus detection
2. CMV quantitation74

3. Chlamydia trachomatis and Neisseria gonorrhoeae
detection75

4. HBV quantitation76

5. HSV detection77

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) uses fluores-
cently tagged DNA or RNA probes to identify genomic
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Figure 2-7. Diagram of branched DNA (bDNA) method.
(Reprinted with permission of Bayer Healthcare.)
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sequences of interest.78,79 The major advantages of FISH 
are the ability to utilize FFPE tissue sections, allowing 
correlation of probe hybridization with tissue morphology,
and the increased resolution provided by FISH for
identification of specific abnormalities when partnered
with conventional cytogenetics. The number and location
of the fluorescent signal(s) can identify chromosomal
abnormalities including gene amplification, gene deletion,
or structural rearrangements such as translocations.

FISH is similar to Southern blot in that sequential steps
of denaturation, hybridization, and washing are involved.
Slides are prepared in the cytogenetic or histology labora-
tory. Probe(s) are then applied to the slide along with a
nuclear counterstain and reagents to enhance denaturation
and reduce background. The slides are sealed and incu-
bated (usually overnight) in a humid environment at high
temperature. These conditions denature the probe and
patient DNA, allowing hybridization to occur between the
probe and its complementary DNA sequence without
binding to nonspecific sites. Excess nonspecifically bound
probe is washed away, and the pattern of fluorescence is
read by fluorescence microscopy. The fluorescent signal(s)
can be enhanced by the use of a digital imaging system and
computer software.

The specificity of FISH is largely based on the selection
of the probe. Ideally, the probe is complementary to the gene
of interest; however, if the disease gene is unknown, satel-
lite probes that identify a chromosomal region linked to 
the disease may be used. Labeled bacterial or yeast 
artificial chromosomes (BAC or YAC, respectively) are 
typically used as FISH probes, but short oligonucleotides
also can be used with signal amplification techniques.
Probes that identify individual whole chromosomes or
chromosomal arms are often called “painting probes” due
to the colorful patterns they generate. Other probes that
hybridize to a specific gene can be used for the detection 
of deletions or duplications and are called single-copy gene
probes. Probes that hybridize to the alpha-satellite regions
near centromeres are used in clinical cytogenetics to 
identify and count individual chromosomes. Probes that
hybridize to the subtelomeric portions of chromosomes are
used to identify cryptic telomeric abnormalities such as 
translocations.

Dual-color FISH (dFISH) employs two probes with 
different fluorescence wavelengths to identify structural
chromosomal rearrangements. Each probe generates a
characteristic color by itself (split signal) and a third color
when the two probes are juxtaposed (fusion signal). A
fusion signal indicating chromosomal rearrangement is
used to identify disease-causing mutations that predictably
involve only two partner genes, for example, BCR and ABL.
However, when a particular gene with multiple potential
translocation partners is tested, it is more efficient to have
both probes bind to the 5′ and 3′ ends of the particular
gene such that the normal allele shows the fusion signal
and the rearranged allele shows two split signals. This is
the technique used for the MLL gene, which is rearranged

to over 30 different partner genes in various types of
leukemia.

Spectral karyotyping (SKY) and multiplex FISH (M-
FISH) are relatively new advancements of conventional FISH
that utilize multiple fluorochromes, specialized optics, and
image analysis that can simultaneously identify all chromo-
somes.80 Comparative genomic hybridization (CGH), also
called “copy number karyotyping,” is a variation of FISH that
detects relative gains or losses of the genome.81 This method
compares the ratios of patient specimen DNA, labeled with
one fluorochrome, to that of normal DNA, labeled with a dif-
ferent fluorochrome when hybridized to control chromo-
somes. CGH is used predominantly in research to identify
possible pathways involved in tumor progression, recur-
rence, or metastasis. Colorimetric probes are used in chro-
mogenic in situ hybridization (CISH), which has the
advantage that the signal does not fade with time or require
fluorescence microscopy for analysis.

Examples of Applications of FISH

1. Detection of BCR/ABL in chronic myelogenous leukemia
2. Detection of HER2 gene amplification for breast cancer

diagnosis and prognosis
3. Detection of MYCN amplification in neuroblastoma82

DNA Arrays and Chips

Arrays are a relatively recent phenomenon in the field of
molecular pathology.83 The term “array” is jargon for an
orderly collection of molecules on solid supports ranging
from nylon membranes to printed circuit board to glass
slides to silicon surfaces. There are macroscopic arrays,
for example, reverse line blots on nylon membranes,
and microarrays, for example, DNA chips. Synonyms 
for microarrays include gene chip, DNA chip, genome 
chip, biochip, gene array, DNA array, and DNA 
microarray.

Though most do not think of line probe assays as
belonging in a section describing DNA chips, they are
indeed arrays. Line probe assays are being used to deter-
mine mutations in the HIV genome, to type HCV, and to
detect CFTR mutations for cystic fibrosis.84 The method is
based on classic nucleic acid hybridization using nylon 
or nitrocellulose strips as a solid support matrix for
hybridization and detection. Generally, reverse hybridiza-
tion is employed. Oligonucleotide probes specific for 
mutations or polymorphisms of interest are bound to the
membrane strip in a parallel line format. Patient specimen
DNA is amplified with biotinylated primers, thereby 
labeling the amplicon, which is hybridized to probes on 
the membrane. After hybridization, alkaline phosphatase-
labeled streptavidin is added and binds to the biotin of
the bound amplicons. Detection is colorimetric following
incubation with a specific chromogen, generating a purple-
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brown precipitate. The resulting colored lines are read as
positive results, hence the name of the assay.

DNA chips, such as those produced by Affymetrix,
Nanogen, Clinical Micro Sensors, and other companies,
may be thought of as miniaturized ASOH platforms with
multiple oligonucleotide probe assays. In one model, the
oligonucleotides are synthesized directly onto a solid
support, for example, glass or silicon, that is, the “chip.”
Some companies’ chips can hold thousands of unique
sequences. The sample DNA is labeled with fluorescent dye,
denatured, and hybridized with the oligonucleotides on the
chip. The chip is then scanned and the fluorescence pat-
terns are measured with the aid of computer analysis to
determine the presence of mutant or wild-type sequences.
Gene expression chips use probes that bind to many dif-
ferent cDNA species (up to 33,000 in one array at the time
of this writing) to quantitate the level of each cDNA iso-
lated in a sample. Gene expression microarrays with large
densities are appropriate for analysis of differential pat-
terns of gene expression between normal and diseased
tissues.

Clinical molecular laboratory diagnostic applications for
DNA chips currently are limited to those with clinically
appropriate density, in the range of 10 to 200. Utility for
these platforms is found in SNP and mutation detection85

as well as pathogen identification. Chips with densities in
the thousands have limited, if any, use in clinical laborato-
ries at this time. So much data are generated that more
analysis needs to be done to winnow down the numbers to
a relevant few genes or transcripts that can be used in clini-
cal assays. This work is progressing well. Furthermore, the
informatics software currently being used to analyze these
data requires simplification and modification so that useful
algorithms for data analysis can be employed for disease
diagnosis or prognosis. While these are certainly consider-
able challenges, it should be noted that DNA array chip
technology benefits enormously from robotic manufactur-
ing techniques and rapidly advancing computer software.
This has greatly decreased the costs per array feature of
DNA chips, giving DNA microarrays enormous potential in
the clinical molecular laboratory of the near future.

Examples of Applications of Arrays

1. Line probe assay for HCV genotyping
2. DNA chips for detection of polymorphisms in cyto-

chrome P450 genes for pharmacogenetics
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Chapter 3
Genetic Counseling
Jennifer M. Farmer

Genetic counseling is typically provided by specialty-
trained healthcare professionals, usually medical geneti-
cists and genetic counselors. Medical geneticists are
physicians from various disciplines such as obstetrics,
pediatrics, and internal medicine who have obtained spe-
cialty training in medical genetics and are board certified
by the American Board of Medical Genetics. Genetic coun-
selors generally have a master’s degree in genetic counsel-
ing, human genetics, or a closely related discipline and 
are board certified by the American Board of Genetic
Counseling.

As genomic medicine evolves into mainstream health-
care, there will be increasing demand for genetic testing,
especially related to preventive medicine and pharmacoge-
netics. Most if not all healthcare providers will need some
genetic training to be able to consider appropriate testing
for patients, interpret the clinical significance of test
results, and in complicated situations provide appropriate
referrals to genetic health professionals. Genetic counselors
are playing a key role in the genetic education of health-
care providers and are facing a growing group of patients
concerned about genetic risk and contemplating complex
medical decisions for almost every type of disorder
through various stages of the life cycle.

Clinical Genetic Testing and 
Counseling Setting

Preperinatal Setting

The roots of genetic counseling are often traced to prena-
tal diagnosis and reproductive decision making. Genetic
counselors have been assisting women and couples with
difficult reproductive choices for more than three decades.
Typically, women referred for genetic counseling and 
prenatal diagnosis during pregnancy are those who are at
increased risk of having a child affected by a genetic 
disorder. The most common indications are advanced
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Genetic Counseling: The Discipline and
the Provider

Genetic counseling is a relatively new and rapidly evolving
healthcare service that is increasing in demand as we enter
the new era of genomic medicine. Genetic counseling
evolved as a combination of disciplines, medical genetics
and counseling theory. The original definition of genetic
counseling focused on communicating medical informa-
tion and inheritance and recurrence risk to patients, along
with presenting options for responding to the risk in a
nondirective manner and helping patients adjust to their
conditions.1 As the practice of genetic counseling has
grown over the past 30 years, so have the goals and scope
of practice.

As our knowledge of genetic disorders and complex
inheritance patterns has expanded, so have the options for
molecular-based genetic testing.With this growth, complex
ethical and social issues have come to the forefront,
such as genetic discrimination. As medical research has
advanced, we have come to appreciate the strong influence
of genetics in common disorders, such as cancer, diabetes,
Alzheimer disease, asthma, and hypercholesterolemia. The
burden of passing on an abnormal gene or trait is not
limited to individuals and families faced with rare disor-
ders of Mendelian inheritance. It is a reality for everyone.
Increasing anxiety about genetic risk for disease and
concern about passing on abnormal genes to future gener-
ations for common conditions has expanded the need for
genetic counseling. There are now subspecialties of genetic
counseling, such as prenatal, pediatric, cancer, and neuro-
genetics. Genetic counselors also are working in clinical
molecular diagnostic laboratories providing information
and education to the patients and physicians who request
tests and try to interpret test results. It has been suggested
that by the year 2010 predictive genetic tests will be avail-
able for about a dozen common conditions, with interven-
tions and treatments for those who are identified as being
at risk.2
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maternal age (women >35 years of age), abnormal triple
marker screening, abnormal ultrasound finding, or family
history of an inherited condition.

All women are at risk to have a child with a chromosome
abnormality or birth defect with every pregnancy; however,
the chromosomal abnormality risk increases with age. At
about the age of 35, a woman’s risk to have a child with a
chromosomal abnormality is roughly equivalent to the risk
of a miscarriage from an amniocentesis (1 in 200 to 300).
An amniocentesis is a standard procedure performed
between 14 to 20 weeks of pregnancy to obtain a sample of
amniotic fluid, which contains fetal cells that can be used
for cytogenetic and molecular analysis. Another procedure
called chorionic villus sampling (CVS), can be done earlier
in pregnancy (10 to 12 weeks) to obtain fetal cells for
testing.3 The miscarriage risk associated with CVS is slightly
greater than that of amniocentesis at most centers. CVS is
offered to women who know that they are at risk to have a
child with a genetic condition so that diagnostic informa-
tion can be obtained earlier in the pregnancy.

Genetic counselors in the prenatal setting explain the
risk for genetic conditions due to maternal or paternal age,
results from maternal serum screening tests, ultrasound
findings, or family history. They present patients with pre-
natal diagnostic testing choices and discuss management
and outcome options. Genetic counselors help patients
make informed and autonomous choices through risk and
procedure education, while also helping the patient to
explore personal, spiritual, and cultural beliefs that affect
decision making.4

The implementation of cystic fibrosis (CF) screening has
caused a change in referral patterns for prenatal genetic
counseling. A panel of experts convened for a National
Institutes of Health consensus conference5 recommended
that CF genetic testing be available to all adults with a pos-
itive family history of CF, a spouse or partner with CF, and
all couples planning a pregnancy or seeking prenatal care.
These recommendations were adopted by the American
College of Obstetricians and Gynecologists and the Amer-
ican College of Medical Genetics with the development of
laboratory standards and guidelines.6 In the majority of
cases, patients are getting CF genetic testing without
pretest counseling. When a patient has a positive result by
the CF screening test, they are referred for posttest coun-
seling to discuss the implications of the results, recurrence
risk, and options for prenatal diagnosis. Some posttest
counseling scenarios are complicated. For example, some
asymptomatic individuals have compound heterozygous
mutations associated with a milder CF phenotype. Chapter
10 discusses CF testing and genotype/phenotype associa-
tions in detail.

Other pregnancy-related indications for genetic coun-
seling include advanced paternal age, history of infertility,
recurrent pregnancy loss, and preconception counseling.
Some couples, regardless of family history of a genetic con-
dition, have taken a more proactive approach to family
planning and request consultation with a genetic profes-

sional to discuss their risk of passing on a genetic condi-
tion to their children. Also, genetic carrier testing for dis-
orders more common among individuals of Ashkenazi
Jewish ancestry are in demand among couples presenting
for preconception counseling and are now offered as a
panel ranging from two to eight diseases, depending on the 
laboratory.

Preimplantation genetic diagnosis (PGD) offers couples
who are at risk of having a child with a genetic condition
an alternative to prenatal testing. Through in vitro fertil-
ization (IVF), a single cell is removed from an embryo at
the 8- to 16-cell stage and tested for the specific genetic
condition or familial mutation; then the unaffected em-
bryos are transferred back to the mother. PGD was first
successful about a decade ago and is presently being
offered for monogenic disorders and chromosome abnor-
malities.7 However, it is not widely available as there are
still many obstacles in the process related to the highly
technical nature of the procedures and the difficulties in
performing cytogenetic or molecular analysis on a single
cell. The rate of pregnancy among patients undergoing IVF
and PGD varies but rarely exceeds about one third.8

Genetic counseling for couples considering PGD is imper-
ative. Couples need to understand the risks and benefits of
these complex procedures and the likelihood of a success-
ful pregnancy. Couples need to weigh these factors against
those of standard prenatal diagnosis procedures. PGD also
is very expensive and not covered by most healthcare cov-
erage providers.

Diagnostic Setting

Genetic conditions can occur with unique symptoms at all
stages of life, from birth defects in a newborn to cognitive
changes in an older adult. When a patient has a symptom
or medical complaint, a diagnosis is needed, especially 
for treatable disorders. Initially, genetic disorders were
considered untreatable and often investigated in the 
final stages of evaluation. However, biomedical research
advances and recognition of the genetic contribution to
more common disorders is changing the evaluation para-
digm. Also, the increasing access and availability of genetic
testing have improved the diagnostic capabilities for many
disorders. When providing genetic counseling in a pretest-
ing scenario for diagnostic purposes, genetic counselors
may make testing recommendations, especially when
medical intervention is available for the condition.9 Diag-
nosis of a genetic condition brings emotional, social, and
financial burden for the patient and the family.10 Unlike
many other areas of medicine, genetics does go beyond the
patient and includes the impact to the entire family.
Whether a diagnosis is made during the neonatal, pedi-
atric, or adult years, the importance of genetic counseling
remains. The goals of genetic counseling for the patient
and the family following the diagnosis of a genetic condi-
tion include:
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• Education about the natural history of the condition and
medical implications;

• Explanation of the genetic contribution and inheritance
and recurrence risks;

• Identification of social and emotional resources;
• Attentiveness to patient’s and family’s reaction to diag-

nosis and coping strategies;
• Promotion of the best possible emotional adjustment for

the patient and family; and
• Facilitation of access to necessary medical and social

services.11

Genetic testing for diagnostic purposes is occurring
more frequently without pretest counseling in the primary
physician’s or specialist’s office; however, once a positive
test result is disclosed, patients are referred for genetic
counseling to help them understand the meaning and
implications of the result.

Predictive Setting

Predictive genetic testing holds the power to inform 
individuals, prior to the onset of symptoms, that they are
destined to develop or are at increased risk to develop 
a hereditary disorder. Experience with predictive genetic
testing for adult-onset conditions such as Huntington
disease and hereditary cancer syndromes has led to the
development and strong endorsement of a multidiscipli-
nary approach to predictive genetic testing that includes
pre- and posttest genetic counseling protocols.12,13 This
approach allows the patient to explore his or her motives
for testing, expectations, the risks and benefits of testing,
and coping strategies prior to testing. This is especially
important when there is no treatment or medical inter-
vention for the disorder. Most predictive testing protocols
require at least two pretest counseling visits (see 
Table 3-1) to allow the patient time to consider the benefits
and risks of testing, develop a support network during the
testing process, and ensure voluntary participation in
testing. Experiences with Huntington disease testing have
shown that patients are at risk for adverse outcomes after
disclosure of predictive genetic test results.15 Result dis-
closure should always be done in person by a genetic 
counselor or health professional knowledgeable about the 

disorder and the implications of the test result.14 Also,
a support person for the patient should be present at the
pre- and posttest counseling visits.

Cancer Setting

During the past 10 years, the supply and demand for diag-
nostic and predictive cancer genetic testing has rapidly
increased, giving rise to the specialty of cancer genetic
counseling. Genetic testing for inherited cancer syndromes
can be useful for diagnosis and medical management
among individuals presenting with a tumor or symptoms.
In many cases, testing holds the possibility for treatment
and prevention in at-risk individuals. Chapters 17 to 22
highlight the various issues related to molecular testing for
this group of conditions, which include variable clinical
utility, complex medical management options, difficult
dilemmas with approaches to molecular testing, and
testing in the research setting or during early transition to
the clinical laboratory. The potential risks and benefits
associated with testing vary based on the specific heredi-
tary cancer syndrome, as well as the patient and family
history. The American Society of Clinical Oncology rec-
ommends pre- and posttest counseling for individuals
referred for cancer genetic testing.13 The genetic counselor
discusses the details of the genetic testing (detection rate,
clinical utility, recurrence risk, etc.) as well as early detec-
tion and prevention options for individuals with a positive
test result. Often, hereditary cancer syndromes increase 
an individual’s risk for cancer in multiple organ systems,
which makes medical management and early detection
more complex. For example, some individuals at risk for
von Hippel-Lindau syndrome need at least yearly screen-
ing for brain and spine hemangioblastomas, retinal
angiomas, pheochromocytoma, renal cell carcinoma, and
other tumors.

Informed Consent

In the healthcare setting, the process of informed consent
is a protection for patients. Prior to diagnostic testing or
therapeutic intervention, the provider explains the proce-
dure to the patient along with the risks, benefits, and alter-
natives so that the patient can voluntarily make informed
decisions about diagnostic and treatment options.16

Depending on state law and laboratory standards, there is
great variation in informed consent requirements for
genetic testing. Position statements and guidelines for
informed consent for genetic testing are available only 
for certain conditions or groups of conditions. The major-
ity of guidelines exist for predisposition genetic testing.
The National Society of Genetic Counselors recommends
obtaining informed consent prior to predisposition genetic
testing for adult-onset conditions.14 Guidelines for
informed consent prior to genetic testing stress that this is

Table 3-1. Elements of Pretest Predictive Genetic Counseling14

Obtain family history and confirm diagnoses
Review natural history and inheritance of condition, as well as a 

priori risk
Discuss the benefits, limitations, and risks of testing, and the 

confidentiality of test results
Discuss motives for testing, anticipated result, psychosocial 

preparedness, and support system
Present alternatives to testing and assure that testing is 

voluntary and informed consent is provided
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more than having a patient read and sign a piece of paper.
Informed consent should be a communication process that
fosters autonomous and informed decision making for the
patient.17,18 Presentation of the key elements of informed
consent (Table 3-2) needs to be tailored to the individual
patient’s learning style, educational and cultural back-
ground, and family situation to optimize the utility of
informed consent. This is a time-intensive process that
cannot routinely be done by primary care physicians
during a routine office visit. The informed consent process
also applies to genetic testing or collection of tissue or
body fluids for research purposes.19

Genetic Testing for Children 
and Adolescents

The benefits and harms of genetic testing need to be care-
fully evaluated before proceeding with testing in children
who may not be able to appreciate the implications of such
results. When genetic testing directly impacts medical
management or treatment for a child with symptoms or
clinical features of a condition, the benefits of testing are
clear and the well-being of the child is being promoted.
However, when genetic testing does not impact medical
management, or the condition in question will occur in
adulthood, the implications of testing become more
complex and the benefits become less clear. The American
College of Medical Genetics and the American Society of
Human Genetics wrote “Points to Consider: Ethical, Legal
and Psychosocial Implications of Genetic Testing in 
Children and Adolescents.”20 The recommendations are:

1. Timely medical benefit to the child should be the
primary justification for genetic testing in children and
adolescents.

2. Substantial psychological benefits to the competent
adolescent also may be a justification for genetic testing.

3. If the medical or psychological benefits of a genetic test
will not accrue until adulthood, as in the case of carrier
status or adult-onset diseases, genetic testing generally
should be deferred.

4. If the balance of benefits and harms is uncertain, the
provider should respect the decision of the competent
adolescent and his or her family.

5. Testing should be discouraged when the provider deter-
mines that the potential harms of genetic testing in chil-
dren and adolescents outweigh the potential benefits.

Education and counseling for the parents and the child, at
an appropriate level, should be provided. The benefits and
harms related to medical issues, psychosocial issues, and
reproductive issues need to be presented and discussed.
Children and certainly adolescents have decision-making
capacity. The child’s competence and wishes should be
assessed prior to genetic testing and carefully balanced
with parental authority. This is especially true for adoles-
cents who can articulate a specific opinion that differs from
that of his or her parents.20 Assent from the child or ado-
lescent should be obtained in addition to informed consent
from the parents.

Transition from Research to Clinical
Testing: Role of the Genetic Counselor

Chapter 49 explores the differences between research
genetic testing and clinical genetic testing and the transi-
tion from the former to the latter. Genetic counseling can
be valuable to individuals who are participating in research
genetic testing. Patients may have difficulty understanding
the purpose, risks, and benefits of the study. In addition,
many patients have expectations of receiving research
testing results and do not appreciate the limitations of
results reported from the research setting. It is strongly rec-
ommended that when genetic research results are disclosed
to research participants, it be done by a professional able
to provide genetic counseling.19 For many rare conditions,
clinical testing is not available; therefore, research testing
is the only option for families.When genetic testing is tran-
sitioning from the research to the clinical setting, a genetic
counselor can be a liaison between the patient and the 
laboratory and be responsible for informed consent and
disclosure of results.

Genetic Counselors Working with the
Molecular Pathologist

Genetic testing can be uniquely different from other labo-
ratory tests. One difference is that often it is useful for the
laboratory to have information about the patient or family
history for interpretation of test results. Gathering the
appropriate clinical information and a complete family
history is not always straightforward and needs to be tai-
lored to the specific test being offered. A genetic counselor
is uniquely trained to understand and interpret the appro-
priate information needed by the molecular pathology 
laboratory in order to perform a specific genetic test.
Oftentimes it can be challenging to work within a family
system to get the necessary information to document a

Table 3-2. Key Elements of Informed Consent for Genetic Testing

Discussion of purpose of the test; procedures involved in testing 
(blood drawing)

Clinical utility of the test and interpretation of test results
Discussion of risks, benefits, and limitations to testing (including 

psychosocial, cultural, and financial risks and benefits)
Presentation of alternatives to genetic testing
Procedure for communication of results
Confidentiality of test results
Voluntary nature of informed consent
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genetic diagnosis prior to testing at-risk individuals. For
example, if a patient presents requesting testing for spin-
ocerebellar ataxia (SCA) because this condition has been
diagnosed in a sibling, it is important to know the specific
type of SCA, as there are currently 17 types and commer-
cial testing is available for only about 7 of the 17. If the indi-
vidual requesting the test does not know the type, one
could do testing for all of the commercially available types;
however, a negative result would not absolve the individual
at risk because the proband may have one of the SCAs not
included in the testing. A genetic counselor can work with
an at-risk individual to obtain the necessary family history
information and documentation so that the most accurate
and efficient approach to testing can be used and the inter-
pretation of the results will be more informative. An accu-
rate and comprehensive family history is a valuable tool in
a diagnostic evaluation as it can be used as a medical
screening tool, establish a pattern of inheritance, identify
individuals at-risk, and determine strategies for genetic
testing.

Understanding the clinical validity of a genetic test result
can be difficult for both healthcare providers and patients.
However, information about the sensitivity of the test and
the penetrance of mutations is paramount to the interpre-
tation of test results.9 Each genetic test has its own sensi-
tivity and specificity based on the methodologies and
technologies employed by the laboratory performing the
test. Many laboratories have genetic counselors on staff.
The genetic counselor can be a useful resource for the
molecular pathology laboratory to interface with other
healthcare providers and the public to provide the neces-
sary education and information to determine the appro-
priate approach to genetic testing, facilitate the details of
ordering a test, and help interpret test results (Table 3-3).

Summary

The goals of genetic counseling are to address the infor-
mational and emotional needs of patients and their fami-
lies.10 For example, the explanation of risks and benefits
associated with a genetic test that is tailored to a patient’s
educational needs as well as family, social, and cultural
background facilitates informed decision making through
promoting patient autonomy and informed consent. The
key goals of genetic counseling for most patient encoun-
ters include:

• Obtain and interpret family medical history information;
• Educate patients so they understand the medical and

genetic information (inheritance and recurrence risks)
needed to make health-management decisions and
“master” their condition;

• Promote informed decision making and informed
consent;

• Be aware of nontechnical factors (social, cultural,
financial, and emotional factors) that influence patients
in the decision-making process;

• Foster genetic competence in patients and families; and
• Identify social and professional resources for patients.

As genetic testing expands and is incorporated into
mainstream healthcare, especially for disease prevention
and approaches to treatment (pharmacogenetics) for
common disorders, pre- and posttest genetic counseling
for every test for all patients will not be feasible. However,
genetic counseling resources need to be available to health-
care providers and patients to provide education and
support and to promote safety in genetic testing.
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Chapter 4
Pedigree Analysis and Risk Assessment
Catherine Walsh Vockley

family medical information has aided in the understand-
ing of many unique features of hereditary disorders,
including natural history, variability, and gene-gene or
gene-environment interactions.

Collection of a family pedigree represents an opportu-
nity to build a relationship with the patient and family and
to learn about how the family functions.4 As the genetic
counselor or other healthcare provider explains the
purpose of the family history, an atmosphere of open com-
munication and respect can be established. This process
provides a window to the social relationships and psy-
chosocial and educational needs of patients and families.
In the social sciences, genograms are used to graphically
depict family dynamics that influence individual behav-
iors.5 This information is also essential for successful coun-
seling of patients in the clinical genetics setting, and while
not always recorded in the same fashion, it is a vital part of
the process of pedigree gathering. Observations about
coping mechanisms, assumptions about disease causation,
family hierarchy, key life experiences, stress levels, body
language, and religious and ethnic influences all are inte-
grated into consideration about the most effective ways to
communicate information about a diagnosis, prognosis,
or management plan to patients and families.

Ideally, the pedigree is collected in a face-to-face session.
This is usually done prior to or at the beginning of the clin-
ical genetics evaluation, but may be done later, particularly
when evaluating a pregnancy or a newborn with an 
unanticipated, newly diagnosed condition. It is helpful to
provide patients with advance notice about the nature of
information to be collected, as this facilitates accuracy 
and completeness. At a minimum, a three-generation pedi-
gree should be collected, including all first-degree relatives
(parents, children, full siblings), second-degree relatives
(grandparents, aunts, uncles, nieces and nephews, half-
siblings, grandchildren), and as pertinent, many third-
degree relatives (cousins, great-aunts, great-uncles, great-
grandparents). This group can be expanded or condensed,
depending on the nature of the referral and patient
responses to preliminary questioning about features 
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The Genetic Family History

The personal and family medical pedigree has evolved
from its earliest ancestors in the 15th century to its current
form and has become an essential tool in many aspects of
the clinical genetics evaluation. Originally used primarily
to display relationship information, the pedigree was used
for the first time to demonstrate inheritance of traits in the
mid-19th century when Pliney Earl published on inheri-
tance of color blindness and Francis Galton described
inheritance of artistic ability and genius.1

Symbols used to document pedigree information have
varied, often depending on personal, professional, or
national preferences. The key to functionality for pedi-
grees, however, is the degree to which they are able to com-
municate information uniformly to all users. In 1993, a task
force of the National Society of Genetic Counselors sur-
veyed genetic counselors regarding interpretation of pedi-
gree symbols and conformity of usage.2 As many as 17
different symbols were used to depict pregnancy, with 16
different symbols being used to denote miscarriage; in
both cases, symbols sometimes had several meanings to
different users. It became evident that standardization of
symbol usage was needed. The group established a recom-
mended nomenclature for pedigrees, which was published
in the American Journal of Human Genetics in 1995.3

The currently recommended methods for documenting
pedigree information including symbols, spatial relation-
ships, and clinical/investigative status are detailed in
Figures 4-1 through 4-5. These standards allow recording
of traditional relationships as well as those developing as
new technologies are applied, particularly in reproductive
medicine. They also serve as a uniform baseline for future
additions or modifications as the field continues to evolve.

These pedigrees now form the cornerstone for determi-
nation of diagnosis, pattern of inheritance, and recurrence
risk.4 Use of pedigree information can impact overall risk
assessment, medical management decisions, and feasibility
of various testing strategies. In addition, collection of
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Instructions:
—Key should contain all information relevant to interpretation of pedigree (e.g., define shading)
—For clinical (nonpublished) pedigrees, include:
      a) family names/initials, when appropriate
      b) name and title of person recording pedigree
      c) historian (person relaying family history information)
      d) date of intake/update
—Recommended order of information placed below symbol (below to lower right, if necessary):
      a) age/date of birth or age at death
      b) evaluation (see Figure 4-5)
      c) pedigree number (e.g., I-1, I-2, I-3)

1.    Individual
Male

b. 1925

d. 35 y

SB
28 wk

P

LMP: 7/1/94

P

20 wk

P *

P P P
P

SB
30 wk

SB
34 wk

d. 4 mo

5 5 5

n n n

30 y 4 mo

Female Comments
Assign gender by phenotype.

Key/legend used to define shading or other fill
(e.g., hatches, dots, etc.).

With≥2 conditions, the individual’s symbol
should be partitioned accordingly, each segment
shaded with a different fill and defined in legend.

Number of siblings written inside symbol.
(Affected individuals should not be grouped.)

“n” used in place of “?”

Birth of a dead child with gestational age noted.

Gestational age and karyotype (if known)
below symbol. Light shading can be used
for affected and defined in key/legend.

First affected family member coming to
medical attention.

Individual(s) seeking genetic counseling/testing.

Use of cross (†) may be confused with symbol
for evaluated positive (+). If known, write “d.”
with age at death below symbol.

Sex
Unknown

2.    Affected individual

3.    Multiple individuals,
        number known

4.    Multiple individuals,
        number unknown

5a.  Deceased individual

7a.  Proband

7b. Consultand

5b.  Stillbirth (SB)

6.   Pregnancy (P)

Figure 4-1. Common pedigree symbols, definitions, and abbreviations. (Figures 4-1 to 4-5 reprinted from Bennett RL, Steinhaus KA, Uhrish SB, et al. “Recommendations for standardized human

pedigree nomenclature.” American Journal of Human Genetics 1995;56:745–752, with permission from the University of Chicago Press.)

Instructions:
— Symbols are smaller than standard ones and individual’s ling is shorter. (Even if sex is known, triangles
       are preferred to a small square/circle; symbol may be mistaken for symbols 1, 2, and 5a/5b of Figure 1,
       paricularly on hand-drawn pedigrees.)
— If gender and gestational age known, write below symbol in that order.

1. Spontaneous abortion
     (SAB)
2. Affected SAB

Male Female
Sex

Unknown Comments
If ectopic pregnancy, write ECT below symbol.

If gestational age known, write below symbol.
Key/legend used to define shading.

Other abbreviations (e.g., TAB, VTOP, Ab)
not used for sake of consistency

Key/legend used to define shading.

female ECT

female 16 wk

female

female

male

male

male

male

3. Termination of
     pregnancy (TOP)

4. Affected TOP

Figure 4-2. Pedigree symbols and abbreviations for pregnancies not carried to term.
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Definitions
1. relationship line

2. line of descent

4. individual’s lines

3. sibship line

1. Relationship line (horizontal)
a. Relationships

b. Consanguinity

A break in a relationship
line indicates that the relation-
ship no longer exists.
Multiple previous partners
do not need to be shown if
they do not affect genetic
assessment.

2. Line of descent (vertical or diagonal)

Biologic parents shown.

A horizontal line between the symbols implies
a relationship line.

Indicate reason, if known.

Indicate reason, if known.

Brackets used for all
adoptions. Social vs.
biological parents
denoted by dashed and 
solid lines of descent,
respectively.

If the degree of relationship is not obvious from pedigree, it should
be stated (e.g., third cousins) above relationship line.

a. Genetic

Monozygotic– Twins Dizygotic Unknown

?

? ?

or

or

in out by relative

vasectomy

azoospermia endometriosis

tubal

– No children by
    choice or reason
     unknown

– Infertility

b. Adoption

– Family history not
    available/known
    for individual

Comments
If possible, male partner should be to left of female partner
on relationship line

Siblings should be listed from left to right in birth order
(oldest to youngest).

For pregnancies not carried to term (SABs and TOPs),
the individual’s line is shortened.

Figure 4-3. Pedigree line definitions.
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Definitions:
— Egg or sperm donor (D)
— Surrogate (S)
— If the woman is both the ovum donor and a surrogate, in the interest of genetic assessment, she will be
       referred to only as a donor (e.g., 4 and 5)
— The pregnancy symbol and its line of descent are positioned below the woman who is carrying the pregnancy.
— Family history can be taken on individuals, including donors, where history is known.

Possible reproductive scenarios

1. Sperm donor
D

or

or

P

P

P

P P

P

P

D

D D

D D

D

S

(a) (b)

2. Ovum donor

3. Surrogate only

4. Surrogate
     ovum donor

5. Planned 
     adoption

Comments

Couple in which the woman is carrying preg-
mancy using donor ssperm. No relationship
line is shown between the woman carrying
the pregnancy and the sperm donor. For a
lesbian relationship, the male partner can
be substituted with a female partner.

Couple in which the woman is carrying preg-
nancy using donor egg(s) and partner’s
sperm.

Couple whose gametes are used to impreg-
nate another woman (surrogate) who
carries the pregnancy.

Couple in which the male partner’s sperm is
used to inseminate (a) an unrelated woman
or (b) a sister who is carrying the pregnancy
for the couple.

Couple contracts with a woman to carry a
pregnancy using the ovum of the woman
carrying the pregnancy and dono sperm.

Figure 4-4. Assisted reproductive technologies symbols and definitions.



Instructions:
— Evaluation (E) is used to represent clinical and/or test information on the pedigree.
       a. E is to be defined in key/legend.
       b. If more than one evaluation, use subscript (E1, E2, E3) and define in key. May be written
            side by side or below each other depending on available space.
       c. Test results should be put in parentheses or defined in key/legend.
       d. If results of exam/family study/testing not documented or unavailable, may use a question mark (e.g.,”E?”).
— Documented evaluation (*)
       a. Asterisk is placed next to lower right  edge of symbol
       b. Use only if examined/evaluated by you or your research/clinical team or if the outside evaluation has been
            personally reviewed and verified
—  A symbol is shaded only when an individual is clinically symptomatic.
—  For linkage studies, haplotype in formation is written below the individual. The haplotype of interest should
        be on the left and appropriately highlighted.
— Repetitive sequences, trinucleotides, and expansion numbers are written with affected allele first and
       placed in parentheses.
— If mutation known, identify and place in parentheses.
— Recommended order of information:
       a. Age/date of birth or age at death
       b. Evaluation information
       c. Pedigree number (e.g., I-1, I-2, I-3)

Definition
1. Documented
     evaluation (*)

2. Obligate carrier (will not
      manifest disease)

4. Uninformative study (u)

5. Affected individual with
     positive evaluation (E+)

3. Asymptomatic/ presymp-
     tomatic carrier (clinically
     unaffected at this time
     but could later exhibit
     symptoms)

Symbol Scenario
Woman with normal physical exam and
negative fragile X chromosome study (nor-
mal phenotype and negative test result).

Woman with normal physical exam and
premutation for fragile X (normal pheno-
type and positive test result).

Man age 25 with normal physical exam
and positive DNA test for Huntington
disease (symbol filled in if/when symp-
toms develop).

Man age 25 with normal physical exam
and uninformative DNA test for Hunting-
ton disease (E1) and negative brain MRI
study (E2).

Individual with cystic fibrosis and posi-
tive mutation study, although only one
mutation has currently been identified.

18- week male fetus with abnormalities
on ultrasound and a trisom 18 karyotype.

Example

* *

*

*

E –

E+(100n/35n)

25 y

18 wk

*

*

*

25 y

E+(45n/18n)

E+(tri 18n)

EuE+(    F508)

E+(    F508/u)

E1u(36n/18n)
E2-

Eu

E+
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Figure 4-5. Pedigree symbolization of genetic evaluation/
testing information.

relevant to the reason for referral. For example, cancer
genetic evaluations may necessitate a more extended
family pedigree, while a brief, focused pedigree may suffice
when discussing cystic fibrosis carrier testing.

Information that should be collected about each indi-
vidual in the pedigree is listed in Table 4-1. This, too, may
be modified to reflect the nature of the diagnosis under
investigation. Ethnicity, consanguinity, and unique biolog-
ical relationships should be recorded using standard nota-
tion. All reported diagnoses or conditions ideally should 
be confirmed through authorized request and review of
medical records. Key records to obtain include pathology
reports, test results (particularly for any genetic testing that
has been performed), imaging reports, and autopsy
reports. In the absence of these documents, family genealo-
gies or death certificates may provide some degree of
verification of reported information.

An emerging issue in the use of pedigrees for clinical
evaluations and research is the issue of individual

confidentiality.6,7 Each member of the family has a right to
expect that medical information will remain confidential.
This becomes complicated when one considers the pedi-
gree that may contain both reported (“hearsay”) and
confirmed information for numerous individuals. Those
people may have willingly shared information with the
patient but may not want it shared with other family
members. If subsequent to an evaluation a patient requests
release of his or her pedigree to another family member,
a provider should carefully consider the question of
ownership of the pedigree information and be attuned to
the potential consequences of releasing the (identifiable)
information about other family members. Current inter-
pretation of regulations outlined in the Health Insurance
Portability and Accountability Act (HIPAA) and other
medical records privacy legislation may influence how
such information is shared.8 Professional organizations
including the American Society of Human Genetics also
have developed position statements on this issue.9
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Patterns of Inheritance

One key use of the carefully collected and verified pedigree
is determination of the most likely mode of inheritance of
a condition in a family. This will have relevance to assess-
ing recurrence risks, approaches to testing, and in some
cases, even prognosis. The concept of patterns of inheri-
tance extends from the work of Gregor Mendel, who in the
17th century described transmission of traits associated
with single genetic loci.10 Transmission of human genetic
conditions and traits has proven to be more complex,
involving not only the single gene patterns first described
by Mendel but also chromosomal inheritance, mitochon-
drial inheritance, and numerous atypical patterns of inher-
itance, including contiguous gene disorders, imprinting,
uniparental disomy, trinucleotide repeat expansion, multi-
factorial inheritance, mosaicism, epigenetic influences, and
synergistic heterozygosity. Undoubtedly, more atypical pat-
terns of transmission will be elucidated as our understand-
ing of the human genome expands. As of June 14, 2006,
Victor McKusick’s classic reference Mendelian Inheritance
in Man (12th ed., 1998; http://www.ncbi.nlm.nih.gov/
OMIM)11 lists 16,850 defined gene loci, 2290 of which have
been associated with specific clinical entities. There are,
however, more than 7500 human traits and/or conditions
that have defined classic patterns of inheritance.10 These
primarily fall into three categories,autosomal,X-linked,and

Y-linked; however, a number of mitochondrial conditions
also have been confirmed.

Autosomal Dominant Inheritance

In classic autosomal dominant inheritance, an affected indi-
vidual has one non-functional or mutant allele at a partic-
ular locus. Each affected individual in a pedigree has a 50%
chance of passing the disease-associated mutation to each
of his or her offspring. Many factors, however, influence the
occurrence of these conditions in families. These will be
described as a group following review of the classic modes
of inheritance. A key feature of autosomal dominant inher-
itance is male-to-male transmission of the condition or
trait, a pattern not seen in X-linked dominant inheritance,
which can be confused with autosomal dominant inheri-
tance on first analysis. Table 4-2 lists additional features of
autosomal dominant inheritance, and an example pedigree
is shown in Figure 4-6. Codominant inheritance describes
equal expression of both alleles of a pair, that is, with equal,
coexisting phenotypic effect. An example of this is the ABO
blood group.

Autosomal Recessive Inheritance

In autosomal recessive inheritance, an affected individual
has two nonfunctional or mutant alleles at a particular
locus. One of these is inherited from each of the parents,
who are called carriers and who are unaffected by the con-
dition. There is a 1 in 4 (25%) chance of having an affected
offspring with each pregnancy of a known carrier couple,
and a 2 in 4 (50%) chance that an offspring will be a carrier
like the parents. After birth, if a child of a carrier couple is
not affected by the condition in question, he or she has a 2
in 3 chance of being a carrier. Risk to future offspring of a
known carrier depends on the likelihood that his or her
partner is also a carrier. This is influenced by the frequency
of the disease gene in the population, which may vary
among different populations. Features of autosomal reces-
sive inheritance are listed in Table 4-2, and a pedigree is
shown in Figure 4-6.

X-linked Dominant Inheritance

In X-linked dominant inheritance, an affected individual
has one non-functional or mutant allele at a locus on an X-
chromosome. X-linked dominant conditions can occur in
either males or females. Risk for offspring of an affected
female is 50%, regardless of the gender of the offspring.
Risk to offspring of affected males is gender dependent,
with all daughters but no sons inheriting the gene. Many of
these conditions, however, are lethal in males, so pedigrees
may show overrepresentation of females or increased fre-
quency of miscarriages, presumably of affected male
fetuses (see Table 4-2 and Figure 4-6).

Table 4-1. Family History Collection: What to Ask?

For All Family Members

Current age; complete date of birth
Exact relationship to proband
General health status
History of major acute or chronic illness
History of learning problems, diagnosed disabilities, or mental

retardation
Highest grade level completed (when relevant)
Employment (when relevant)
Reproductive history, including pregnancies, miscarriages,

elective terminations, infertility, and choice not to have
children

Gestational age and last menstrual period for ongoing
pregnancies

Consanguinity
Targeted questions relevant to the reason for evaluation, for

example, key symptoms or features of the condition in
question, pertinent evaluations, etc.

Age at death; year of death; cause of death

For Family Member Known to Be Affected by the Condition in
Question

Diagnosis
Age at diagnosis
Method of diagnosis
Evaluations and testing completed
Symptoms
Information about ongoing treatment or management plan
Availability of medical records for review
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and Table 4-2 for additional features.) Typically, carrier
females are unaffected; however, due to lyonization
(random inactivation of one X chromosome in each cell in
a female), carrier females may have mild symptoms. This
occurs when, by chance, more of the X chromosomes with
the nonfunctional allele remain active in the cells. The like-
lihood of symptoms in carrier females varies considerably
among disorders. Risk to offspring of carrier females is
25% overall, or 50% for affected status if the fetus/offspring
is male. Offspring of affected males will not be classically
affected, but all daughters will be carriers.

Y-linked Inheritance

In rare cases, one of a limited number of genes on the Y
chromosome can be mutated. This can result in disparity
between chromosomal and phenotypic gender if the SRY
region is involved, or can be associated with genetic/
hereditary forms of infertility. This may be identified 
more frequently as reproductive technologies such as
intracytoplasmic sperm injection (ICSI) are used to aid in
achieving pregnancies for previously infertile males, due to
Y-chromosome deletions, for example (see Table 4-2 and
Figure 4-6).

Table 4-2. Features of Mendelian Patterns of Inheritance

Autosomal Dominant Inheritance

Male-to-male transmission occurs; both genders can transmit to
offspring

Condition occurs in multiple generations
Males and females affected, typically to comparable extent
Variability of clinical findings
Later/adult onset in some disorders
Vertical transmission; affected descendants of affected

individuals, unaffected descendants of unaffected individuals
(in general)

Homozygotes may be more severely affected than heterozygotes
Homozygosity may be lethal
Occurrence of new mutations
Nonpenetrance; apparent “skipping” of generations
Gender-limited occurrence of conditions (transmission through

the unaffected gender)
Germline mosaicism reported

Autosomal Recessive Inheritance

Affected family members are usually in one generation;
“horizontal” inheritance

Parental consanguinity or small mating pool may influence
disease occurrence

Male and female are affected
Usually consistent in degree of severity among affected family

members
Early onset of symptoms more typical
New mutations rare
May see higher frequency of disease in certain ethnic groups

X-linked Dominant Inheritance

No male-to-male transmission
Affected females usually have milder symptoms than affected

males
Affected males have no affected sons, but all daughters will be

affected
May mimic autosomal dominant inheritance
May be lethal in affected males; paucity of males or

overrepresentation of females in the pedigree
Increased occurrence of miscarriage

X-linked Recessive Inheritance

No male-to-male transmission
Males more frequently affected
Carrier females usually unaffected but may have mild symptoms
Affected males in a family are related through females
Occurrence of new mutations, often from maternal grandfather

Y-linked Inheritance

Male-to-male transmission only
Association with increased infertility rates in families
Discrepancy between chromosomal and phenotypic gender

l

ll

Autosomal dominant

x-linked dominant

Y-linked

x-linked recessive

Autosomal recessive

lll

l

ll

lll

l

ll

lll

l

ll

lll

l

ll

lll

lV

Figure 4-6. Example pedigrees for Mendelian patterns of inheritance.

X-linked Recessive Inheritance

Traditional X-linked recessive inheritance is characterized
by occurrence of the condition in males with a non-func-
tional or mutant allele on the X-chromosome who are
related through females. (See the pedigree in Figure 4-6,



56 C.W. Vockley

Non-Mendelian Inheritance Patterns

For a summary of non-Mendelian inheritance patterns,
see Table 4-3.

Chromosomal

Chromosome abnormalities can occur sporadically or can
be caused by familial transmission of duplications,deletions,
or rearrangements that can result in imbalance of genetic
material in the offspring.12 Due to the presence of many
genes along the segment of chromosome involved, multiple
phenotypic effects usually are seen. Risks to offspring of
familial cases depend on parent of origin and size and 
location of the involved chromosomal segment, and vary
depending on loss or gain of material in a particular region.
In apparently sporadic cases, parental status with respect 
to the chromosomal abnormality should be assessed 
for all cases of offspring with chromosomal rearrange-
ments. Absence of a parental chromosomal abnormality
significantly reduces the risk to future offspring.

Contiguous Gene Disorders/
Microdeletion Syndromes

Contiguous gene disorders are the result of loss of several
adjacent genes along a segment of chromosome and may
consist of symptoms of one known hereditary disorder,
more than one closely linked group of hereditary dis-
orders, or either of these in conjunction with mental retar-
dation, dysmorphic features, or both.13 The condition
results from loss of one copy of a group of closely linked
genes (haploinsufficiency) that may be detectable by high-
resolution chromosome analysis or fluorescence in situ
hybridization (FISH) using region-specific probes.Approx-
imately 5% to 10% of monogenic diseases are associated
with gene deletions that cannot be detected through
routine cytogenetic analysis.10 The microdeletions occur 
in regions of repeated genomic sequences that lead to
rearrangements (recombination), resulting in loss or gain
of genetic material during transmission, both of which
have been documented.

Mitochondrial Inheritance

Individuals inherit essentially all their mitochondrial DNA
from their mothers; thus, any disease associated with a
mitochondrial DNA mutation is transmitted from the
mother to the offspring. In each cell, including egg cell 
progenitors, there may be up to 1000 mitochondria. If a
mutation occurs in one of these mitochondria, as the 
mitochondrion divides over time, the mutation becomes
present in a percentage of the overall mitochondrial pop-
ulation in the cell. When the cell divides, the mitochondria
are distributed stochastically to the daughter cells. The

Table 4-3. Features of Non-Mendelian Patterns of Inheritance

Chromosomal Disorders

Increased frequency in individuals with 2 or more major birth
defects, 3 or more minor birth defects, or 1 major and 2 minor
birth defects

Occurrence of multiple pregnancy losses or infertility
Occurrence of mental retardation with dysmorphism
Occurrence of mental retardation with multiple congenital

anomalies
Many occur as sporadic conditions with negative family history

Contiguous Gene Disorders/Microdeletion Syndromes

Involvement of multiple organ systems
Negative family history; frequent/isolated or sporadic cases
May appear as recognized single-gene disorder
May involve occurrence of mental retardation with an otherwise

recognized hereditary or medical disorder typically lacking
mental retardation

May involve occurrence of dysmorphism with an otherwise
recognized hereditary or medical disorder typically lacking
dysmorphism

Mitochondrial Inheritance

Maternal transmission (fathers do not transmit disease)
Males and females affected
Extreme variability of clinical symptoms; multiple organ systems

involved
Multiple generations affected (matrilineal)
Degenerative/neuromuscular disorders predominate
Gender can influence variability of symptoms
Environmental factors may influence symptoms

(pseudomultifactorial)

Imprinting

Gender of transmitting parent modifies gene/disease expression
(parent-of-origin effects)

May appear to skip generations

Uniparental Disomy

Documentation of only one carrier parent
Single/isolated case in a family

Trinucleotide Repeat Disorders

Anticipation
Increasing severity with subsequent generations
Gender of transmitting parent may influence disease severity
Disorders may have variable age at onset, degree of severity
May see skipping of generations (transmission of premutation)

Synergistic Heterozygosity

Described in inborn errors of metabolism
Variability in severity of symptoms among affected family

members
Complex phenotypes, multisystem involvement
Multiple partial enzyme deficiencies in affected individuals
Environmental factors may influence severity of disease

Multifactorial Inheritance

Males and females affected
Gender of affected individual influences recurrence risk
Classically, few affected family members, but now also

implicated in common adult-onset disorders
Degree of relationship to affected individual influences

recurrence risk
Recurrence risk correlates with number of affected family

members
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daughter cells may inherit only mutant mitochondrial
DNA (homoplasmy), a percentage of mutant mitochon-
drial DNA (heteroplasmy), or no mutant mitochondrial
DNA. The degree of heteroplasmy affects the overall func-
tion of the cell or population of cells and thus correlates
with disease severity. It is not possible to predict for any
given cell what the degree of heteroplasmy will be; thus, it
is extremely difficult to predict recurrence risk or severity
of disease. Furthermore, different cell populations in dif-
ferent organs can have different degrees of heteroplasmy,
yielding a variable multisystem disease (pleiotropy).

Imprinting

Imprinting refers to differential expression of genes
depending on the parent of origin. The process is reversible,
as it affects the action of the gene but not the gene struc-
ture; genes that are passed from a male (imprinted as male)
to a female and then passed by the female are reimprinted
as female, and so on. This is thought to occur early in devel-
opment, most likely in the germ cells.14 A number of disor-
ders have been described that are caused by imprinting.
Depending on the underlying mechanism and assuming
transmission from the critical parent of origin, recurrence
risks could be as high as 50%, particularly if a mutation
exists in an imprinting control center that regulates methy-
lation status and, thus, gene expression.

Uniparental Disomy

Uniparental disomy is defined as both copies of all or part
of a chromosome in a cell or individual being derived from
only one parent. This can appear as heterodisomy (the 
presence of copies of both of one parent’s chromosomes) 
or homodisomy (a single chromosome or chromosome
segment present in two identical copies). This becomes 
clinically relevant when males and females differentially
imprint the chromosomal segment in question, or when the
parent who transmits the disomic region carries a mutation
in that region.14 This process has been seen in cystic fibrosis,
Prader-Willi and Angelman syndromes and other disorders,
and may need to be considered for any autosomal recessive
disorder when only one parent is a confirmed carrier, and
for X-linked recessive disorders occurring in 46, XX females.
The frequency of this phenomenon is unknown.

Trinucleotide Repeat Disorders

Most classic hereditary disorders are caused by static or
stable mutations in one or a few genes. For trinucleotide
repeat disorders, alterations in the causative gene are
unstable, called dynamic mutations, and characterized by
a variable number of copies of a tandemly repeated three-
nucleotide sequence within the gene.14 These trinucleotide
repeats are normal, do not generally cause disease, and can
be inherited stably within certain, usually small, tandem
repeat size ranges that are gene specific.

Due to the structure of the repeated gene sequence,
however, miscopying during DNA replication can occur,
leading to expansion (creation of additional tandem copies
of the trinucleotide sequence) or, rarely, contraction (loss
of one to five copies of the trinucleotide sequence) of the
gene segment. With expansion, the gene segment becomes
less stable and thus more likely to expand further. Inter-
mediate lengths of expanded gene segment are called pre-
mutations, which are extremely unstable and highly likely
to undergo further expansion. Individuals who carry pre-
mutations typically do not have symptoms of the associ-
ated disorder but may show mild signs or develop
associated problems at later ages.

Once the gene segment has expanded into the disease-
associated repeat size range, disease symptoms occur in the
individual. Degree of disease severity typically correlates
with the size of the repeated segment, with earlier age of
onset and more severe symptoms with increasing repeat
size. The clinical phenomenon of anticipation (earlier
onset of disease in subsequent generations) is explained
mechanistically by the progressive expansion of the trinu-
cleotide repeat region from one generation to the next, with
earlier and more severe disease for each generation.
Gender of transmitting parent also influences likelihood
and degree of expansion, and is gene specific (the
significant parent of origin varies by disease).

Synergistic Heterozygosity

A phenomenon described primarily to date in inborn errors
of metabolism, synergistic heterozygosity results from rel-
ative decreases in function in several components of a
complex biological pathway.15 Effects of mutations in a
single copy of each of multiple genes encoding components
of a pathway accumulate and lead to an overall decrease in
function of the pathway. This is much more akin to multi-
factorial or at least polygenic inheritance than classical
Mendelian inheritance typical of the majority of inborn
errors of metabolism. Recurrence risks depend on the
degree of decreased function of each of the components,
which components are involved, genetic linkage of the com-
ponents, or the potential for environmental influences on
the pathway, or some combination of these factors.

Multifactorial Inheritance

Multifactorial disorders are the result of interactions
among multiple genetic and environmental factors. A
threshold effect defines the likelihood of disease based on
the relative contributions of each of the factors involved.
With a relatively low concentration of contributing factors,
no effect will be seen. However, above a critical cutoff of
accumulated factors, the condition occurs. Risk to relatives
of affected individuals increases as more family members
are affected, presumably reflecting the presence of a higher
“dose” of critical factors in the family or shared 
environmental factors. The threshold for affected status
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may, however, be different in males and females. In classic
conditions, such as pyloric stenosis or neural tube defects,
a higher dose of risk factors is needed to push the less-fre-
quently affected gender above the critical threshold; close
relatives are therefore more likely to have a similar clus-
tering of risk factors and be above the threshold, particu-
larly if they are of the more commonly affected gender and
thus are presumed to have a lower threshold.

Other Factors Affecting Risk and 
Risk Assessment

Classic and atypical modes of inheritance provide a frame-
work for assessment of risk to close relatives of indivi-
duals affected by hereditary disorders. However, many
factors influence the ability to clearly define patterns of
inheritance in families. From a logistical perspective, family
members may not know details about medical conditions
in more distant relatives, or relatives may not wish to share
those details by medical record request. For some, there may
be stigma or guilt attached to discussion of hereditary con-
ditions in themselves or their children. Mechanistically,
there are a number of processes that may confound pedi-
gree interpretation (Table 4-4). Variable expressivity and
pleiotropy relate, respectively, to the presence of different
degrees of severity of symptoms and the presence of
varying phenotypic features in affected individuals. These
could lead to misclassification of affected status, or failure
to recognize the presence of a single clinical entity in
affected family members.Further,variability in age of onset,
particularly with adult-onset disease, may leave gaps in an
otherwise classic pedigree, as can penetrance, or the likeli-
hood that an individual who carries the gene(s) for a con-
dition will show signs or symptoms of that condition. Some
conditions show genetic heterogeneity, that is, can be caused
by mutations in a number of different genes. While muta-
tions in these genes may be rare, theoretically more than
one type of gene mutation could lead to symptoms within
a family. Phenocopies, similar conditions with different

genetic or nongenetic etiologies or both, may also occur
within a family and lead to misinterpretations of patterns
of inheritance and, thus, of risk to family members. Small
family size or relatively low frequency of the at-risk gender
in gender-influenced disorders (sex-limited vs. sex-
influenced expression) may result in failure to recognize a
hereditary disorder and underestimation of risk.

Accurate reporting of relationships within a pedigree is
critical. Nonpaternity, estimated at 10% in the United
States,4 and consanguinity, or inbreeding (shared common
ancestors), are particularly important when considering
possible autosomal recessive traits. A recent review
confirmed only modest contribution of consanguinity to
overall risk,16 but it can be of critical importance when an
autosomal recessive disorder is under consideration in 
a symptomatic individual due to potential presence of
shared nonfunctional genes in related parents. Expression
and risk assessment of X-linked disorders are influenced
by lyonization, or the random inactivation of one X chro-
mosome in each cell in a female. The percentages of the
active and inactive nonfunctional X-chromosome gene
could lead to full expression, intermediate symptomatol-
ogy, or lack of symptoms altogether for an X-linked reces-
sive condition in a female. The occurrence of spontaneous
new mutations could lead to failure to recognize risk due
to autosomal dominant or X-linked conditions, in particu-
lar. Similarly, mosaicism, or the presence of a mixture of at
least two populations of cells with some containing a 
functional and others a nonfunctional gene, could lead to
partial expression of a condition in an individual (somatic
mosaicism). Mosaicism also could lead to unrecognized or
indefinable risk to future offspring if only the germ cells
(egg or sperm) are affected or only a percentage of germ
cells are affected (germline mosaicism).

Finally, factors outside of the critical gene can influence
the expression of that gene and thus the assessment of risk.
Expression of some genes is influenced by variant forms of
other, so-called modifying genes. Polymorphisms or muta-
tions in these modifying genes can change gene-gene or
protein-protein interactions to affect expression of the con-
dition in question. Similarly, environmental factors such as
shared environment, dietary practices, and specific expo-
sures (medications, smoke, etc.) may positively or negatively
affect gene function or expression of clinical symptoms.

Each of these factors must be carefully considered in the
overall diagnostic and risk assessment, initially based on
collection of a family pedigree and continued through 
clinical evaluation, including physical examination and
indicated diagnostic testing.

Direct Mutation Analysis and 
Linkage Analysis

The ability to define mutations or gene regions associated
with disease removes much of the art of risk assessment
from evaluation of the pedigree and provides a more

Table 4-4. Factors Affecting Risk and Risk Assessment

Variable expressivity/pleiotropy
Age of onset
Penetrance
Heterogeneity
Phenocopies
Gender-influenced expression (sex-limited vs. sex-influenced)
Family size/paucity of at-risk gender
Nonpaternity
Consanguinity/inbreeding
Lyonization
New mutation
Mosaicism (somatic vs. germline)
Modifying genes
Environmental effects



4. Pedigree Analysis and Risk Assessment 59

definitive answer in many cases. Currently, there are clini-
cal or research tests being done for 1,269 different diseases
(http://www.genetests.org, accessed on June 14, 2006), which
continues to increase as definitive mutations are identified
in newly described disease-associated genes. Methods of
gene analysis vary among different laboratories (see chapter
2 and Reference 17). For large deletions and gene rearrange-
ments, Southern blot analysis is used. Dosage analysis
(determination of gene copy number utilizing densitome-
try, multiplex ligation-dependent probe amplification
[MLPA] or similar techniques) may be used in cases where
an affected individual is not available for study and deletion
is a common form of mutation, as is the case in Duchenne
muscular dystrophy. Southern blot analysis also may be
needed for sizing of large trinucleotide repeats, while
smaller repeats can be identified by targeted polymerase
chain reaction (PCR) analysis. PCR is also used in conjunc-
tion with allele-specific oligonucleotides (ASOs) for analy-
sis of conditions with a single or few common mutations.
In disorders where many unique, private mutations have
been found, mutation-screening techniques may be 
utilized, including conformation sensitive gel electro-
phoresis (CSGE), denaturing gradient gel electrophoresis
(DGGE), denaturing high-performance liquid chromatog-
raphy (DHPLC), two-dimensional gel scanning (TDGS),
and single-strand conformation polymorphism (SSCP).
Once gene segments with probable variants have been
identified by these techniques, DNA sequencing is utilized
to verify the presence of a mutation, polymorphism, or
variant of unknown significance.

These direct methods of identifying mutations are
invaluable when the disease-associated gene is known;
however, historically and even today, for many conditions
the causative gene has not been identified or is not char-
acterized adequately to allow for mutation-specific testing.
In these situations, it is possible to offer an indirect testing
method, called linkage analysis, to clarify the risk status of
family members if the responsible gene has been localized
to a specific genomic map location. For some families, the
most significant issue in linkage analysis is the need for
specimens from a number of family members, both
affected and unaffected, to ensure useful interpretation of
results. Linkage analysis requires that the clinical status of
the relatives and their relationships be accurately reported
for accurate interpretation. Linkage analysis involves deter-
mination of “markers” for the disease gene, often variant
forms of highly polymorphic short tandem repeats, within
or near the genomic map location. It requires that a marker
or markers near the genetic locus be informative; that is,
key individuals in the family must be heterozygous, or have
two different forms of the marker (alleles) at the locus in
question. These markers are then tracked as they are
passed from one individual to the next. It is thus essential
to know which allele(s) is associated with the disease gene
and which alleles track with the normal gene copy (setting
phase). This typically involves analysis of DNA from a
number of affected family members or a carefully selected

group of affected and unaffected relatives. In addition,
if the marker(s) is closely associated (linked) with the
disease gene or is within the gene, presence of the disease-
associated marker allele will correlate with presence of the
disease gene. If the marker is genetically distant from the
disease gene, it may become separated from the disease
gene through recombination, and predictions about gene
transmission may be inaccurate. Caution is required when
doing linkage analysis of very large genes because a marker
at one end of the gene may, through recombination,
become unlinked from the (unknown) mutation if it
resides at the other end of the gene. Accuracy of linkage
analysis can be further increased by assessing more than
one linked marker, preferably within or flanking opposite
ends of the gene.

Bayesian Analysis Used in 
Risk Modification

When collected pedigrees are used to provide risk assess-
ment, a variety of data may be relevant to the overall assess-
ment. Numerous factors, some listed above, influence the
likelihood that a given individual in the family may be
affected by the condition in question or may be a carrier
of the gene in question. When it is not possible to do direct
diagnostic testing for the condition (for example, if the
causative gene is unknown), when the affected relative is
not available for testing, or for complex traits, it is possible
to combine incremental contributors to risk by utilizing
Bayesian analysis. Bayesian analysis is a statistical con-
struct that uses information about the likelihood of occur-
rence of past events or conditions, and the current status
of those events or conditions for the individual, to predict
the likelihood of a future event or condition, in this case,
the presence or absence of a particular gene or genetic con-
dition.18 Some factors that may be considered in genetic
risk assessment using Bayesian analysis include number
and pattern of affected and unaffected family members,
laboratory data, and natural history of the condition. The
probability assigned based on past events is called the prior
probability; that based on current information or observa-
tions is called the conditional probability. The calculated
probability for each possible outcome of an event or con-
dition is the joint probability, and the final probability of
one outcome as a percentage of all possible outcomes is the
posterior probability. Calculations often utilize data from
multiple generations and are usually done in tabular form.
In the example pedigree in Figure 4-7 for an autosomal
dominant cancer predisposition syndrome affecting males
and females equally, based on Mendelian inheritance alone,
the risk that individual III.5 is a gene carrier is 25%.
However, knowing that 75% of gene carriers have been
diagnosed with cancer by age 50, risk can be recalculated
as demonstrated. (See chapter 5 for a complete discussion
of Bayesian analysis.)
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Chapter 5
Bayesian Analysis
Shuji Ogino and Robert B. Wilson

sultand has three unaffected sons, how does her carrier risk
change?

Bayesian analysis starts with mutually exclusive
hypotheses. In this example, there are two: that the consul-
tand is a carrier, and that the consultand is a noncarrier.
Setting up a table with separate columns for each hypoth-
esis facilitates Bayesian analyses, as shown in Figure 5-1b
for this case. The first row of the table comprises the prior
probability for each hypothesis. In this example, the prior
probabilities are the probability that the consultand is a
carrier (1/2), and the probability that she is a noncarrier
(also 1/2), prior to taking into account the subsequent
information that she has three unaffected sons.

The second row of the table comprises the conditional
probability for each hypothesis. The conditional probabil-
ity for each hypothesis is the probability that the subse-
quent information would occur if we assume that each
hypothesis is true. In this example, the subsequent infor-
mation is that the consultand has three unaffected sons.
Thus, the conditional probabilities are the probability that
the consultand would have three unaffected sons under the
assumption (or condition) that she is a carrier, and 
the probability that she would have three unaffected sons
under the assumption (or condition) that she is a noncar-
rier. If we assume that she is a carrier, the probability that
she would have three unaffected sons is 1/2 × 1/2 × 1/2 =
1/8. This is because she would have to have passed the
normal X chromosome three times in succession, each time
with a probability of 1/2. If we assume that she is a non-
carrier, the probability that she would have three unaf-
fected sons approximates 1, since only in the event of a rare
de novo mutation would a noncarrier have an affected son.
Thus, the conditional probabilities in this example are 1/8
and 1 (Figure 5-1b).

The third row of the table comprises the joint probabil-
ity for each hypothesis, which is the product of the prior
and conditional probabilities for each hypothesis. For the
first hypothesis in this example, that the consultand is a
carrier, the joint probability is the prior probability that she
is a carrier, multiplied by the conditional probability that a
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Introduction

The purpose of this chapter is to describe basic and general
principles of Bayesian analysis for molecular pathologists.
Thomas Bayes first described the theorem named after him
in an essay on “the doctrine of chances,” published posthu-
mously in 1763, and republished in 1958.1 Analyses based
on Bayes’ theorem are routinely applied to calculate prob-
abilities in a wide variety of circumstances, not limited to
medicine or genetics. In molecular pathology, Bayesian
analysis is commonly used to calculate genetic risk, incor-
porating population data, pedigree information, and
genetic testing results. First, Bayesian analysis will be intro-
duced with two simple, concrete examples. In subsequent
sections, the general principles illustrated by these exam-
ples are discussed and applied to more complex scenarios.
For more in-depth treatments, the reader is referred to
Introduction to Risk Calculation in Genetic Counseling by
Young2 and The Calculation of Genetic Risks by Bridge3 as
well as several articles on genetic risk assessment that
include advanced Bayesian analyses, particularly for spinal
muscular atrophy (SMA)4,5 and cystic fibrosis (CF).6–9

Bayesian Analysis Using 
Pedigree Information

In the pedigree shown in Figure 5-1a, the two brothers of
the consultand (indicated by the arrow) have Kennedy
disease (X-linked spinal and bulbar muscular atrophy;
Online Mendelian Inheritance in Man [OMIM; database
online] #300377), which is caused by a CAG trinucleotide
expansion in the androgen receptor (AR) gene (OMIM
#310200). Because both of the consultand’s brothers are
affected, we can assume that the consultand’s mother is an
obligate carrier. Before taking into account her three unaf-
fected sons, the consultand’s carrier risk is 1/2, since there
is a 1/2 chance that she inherited the mutant X chromo-
some from her mother. If we take into account that the con-
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carrier would have three normal sons, which in this case is
1/2 × 1/8 = 1/16 (Figure 5-1b). For the second hypothesis
in this example, that the consultand is a noncarrier, the
joint probability is the prior probability that she is a non-
carrier, multiplied by the conditional probability that a
noncarrier would have three normal sons, which in this
case is 1/2 × 1 = 1/2 (Figure 5-1b).

The fourth row of the table comprises the posterior
probability for each hypothesis. The posterior probability
for each hypothesis is the probability that each hypothesis
is true after (or posterior to) taking into account both prior
and subsequent information. The posterior probability for
each hypothesis is calculated by dividing the joint proba-

bility for that hypothesis by the sum of all the joint proba-
bilities. In this example, the posterior probability that the
consultand is a carrier is the joint probability for the first
hypothesis (1/16), divided by the sum of the joint proba-
bilities for both hypotheses (1/16 + 1/2 = 9/16), or 1/16 ÷
9/16 = 1/9. The posterior probability that the consultand is
a noncarrier is the joint probability for the second hypoth-
esis (1/2 = 8/16), divided by the sum of the joint probabil-
ities for both hypotheses (1/16 + 1/2 = 9/16), or 8/16 ÷ 9/16
= 8/9. Thus, taking into account the prior family history,
and the subsequent information that the consultand has
three unaffected sons, the probability that the consultand
is a carrier is 1/9 (Figure 5-1b).

The preceding example is illustrated graphically in
Figure 5-1c. The total area represents the total prior prob-
abilities. The left half represents the prior probability that
the consultand is a carrier (1/2), and the right half repre-
sents the prior probability that she is a noncarrier (also
1/2). Under the hypothesis that the consultand is a carrier,
there are eight possibilities, comprising all the permuta-
tions of zero, one, two, or three affected sons. The area of
the small rectangle that contains three unshaded squares
(for three unaffected sons) comprises one eighth of the left
half and represents the conditional probability of three
normal sons under the hypothesis that the consultand is a
carrier. The area of this small rectangle is one sixteenth of
the total area and therefore also represents the joint prob-
ability that the consultand is a carrier (1/2), and that as a
carrier she would have three normal sons (1/8), or 1/2 × 1/8
= 1/16.

Under the hypothesis that the consultand is a noncarrier,
there is essentially only one possibility, which is that all
three sons are unaffected. The area of the larger rectangle
that contains the pedigree with three unshaded squares
(for three unaffected sons) comprises all of the noncarrier
half and represents the conditional probability of three
normal sons under the hypothesis that the consultand is a
noncarrier. The area of this larger rectangle is one half of
the total area and therefore also represents the joint prob-
ability that the consultand is a noncarrier (1/2), and that as
a noncarrier she would have three normal sons (~1), or 1/2
× 1 = 1/2. The reverse-L-shaped box, which is demarcated
by a bold line, represents the sum of the joint probabilities,
or nine sixteenths of the total area.

Because the consultand has three unaffected sons, the
area of the reverse-L-shaped box represents the only 
component of the prior probabilities needed to determine
the posterior probability that the consultand is a carrier.
Taking into account that all three of the consultand’s sons
are unaffected, Bayesian analysis allows us to exclude 7/16
of the prior probabilities, those that include one or more
affected sons, from consideration. (Note that this explains
why the joint probabilities sum to less than 1.) The poste-
rior probability that the consultand is a carrier is therefore
the area of the small rectangle with three unshaded squares
(for three unaffected sons) divided by the area of the entire
reverse-L-shaped box, which represents the only probabil-
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Figure 5-1. (a) Pedigree of a family with individuals affected with Kennedy disease (see
text). Consultand is indicated by an arrow. (b) Bayesian analysis for the consultand in
Figure 5-1a. (c) Schematic representation of the Bayesian analysis of Figure 5-1b. Pedi-
grees shown in the rectangles represent all possible disease status outcomes for the third
generation of the pedigree in Figure 5-1a, given the carrier or noncarrier status of the
consultand. Each small rectangle to the left represents one sixteenth of the total area.
(See text for full description.)
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ities relevant to the consultand’s risk, or 1/16 ÷ 9/16 = 1/9.
Likewise, the posterior probability that the consultand is a
noncarrier is the area of the larger rectangle with three
unshaded squares (for three unaffected sons) divided by
the area of the entire reversed-L-shaped box, or 8/16 ÷ 9/16
= 8/9.

Bayesian Analysis Using Genetic 
Test Results

In the second example, information from a test result
modifies the prior risk. In the pedigree shown in Figure 5-
2a, the consultand is pregnant with her first child and has
a family history of CF (OMIM #219700). CF is caused by
mutations in the cystic fibrosis transmembrane conduc-
tance regulator gene (CFTR; OMIM #602421). The consul-
tand is an unaffected European Caucasian and her brother
died years earlier of complications of CF. She undergoes
carrier testing for the 23 mutations recommended by the
American College of Medical Genetics (ACMG) CF screen-
ing guidelines,10–12 which detects approximately 90% of
disease alleles in European Caucasians. The consultand
tests negative for all 23 mutations. What is her carrier risk
after testing?

As in the first example, the two hypotheses are that the
consultand is a carrier and that she is a noncarrier.
The prior probability that she is a carrier is 2/3. Because
the consultand is unaffected, she could not have inherited
disease alleles from both parents. Thus, she either inher-
ited a disease allele from her mother or father, or she inher-
ited only normal alleles; in two of these three scenarios she
would be a carrier (shown in Figure 5-2b). The prior prob-
ability that the consultand is a noncarrier is 1/3 (Figure 5-
2c).

As in the first example, the conditional probability for
each hypothesis is the probability that the subsequent
information would occur if we assume that each hypothe-
sis is true. In this example, the subsequent information is
that the consultand tests negative for all 23 mutations.
Thus, the conditional probabilities are the probability that
the consultand would test negative under the assumption
(or condition) that she is a carrier, and the probability that
she would test negative under the assumption (or condi-
tion) that she is a noncarrier. If we assume that she is a
carrier, the probability that she would test negative is 1/10,
since the test detects 90% of European Caucasian disease
alleles or carriers. If we assume that she is a noncarrier, the
probability that she would test negative approximates 1.
Thus, the conditional probabilities in this example are 1/10
and 1 for the carrier and noncarrier hypotheses, respec-
tively (Figure 5-2c).

As in the first case, the joint probability for each hypoth-
esis is the product of the prior and conditional probabili-
ties for that hypothesis. For the first hypothesis in this
example, that the consultand is a carrier, the joint proba-
bility is the prior probability that she is a carrier (2/3) 

multiplied by the conditional probability that a carrier of
European Caucasian ancestry would test negative (1/10), or
2/3 × 1/10 = 1/15 (Figure 5-2c). For the second hypothesis
in this example, that the consultand is a noncarrier, the
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Figure 5-2. (a) Pedigree of a family with an individual affected with CF (see text). Con-
sultand is indicated by an arrow. (b) Possible genotypes of the sibling (consultand in this
case) of the affected child prior to genetic testing. The mt/mt genotype (in parentheses)
is excluded based on the fact that the consultand is unaffected. mt, mutant; N, normal.
(c) Bayesian analysis for the consultand in Figure 5-2a. (d) Schematic representation of
the Bayesian analysis of Figure 5-2c (see text).
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joint probability is the prior probability that she is a non-
carrier (1/3) multiplied by the conditional probability 
that a noncarrier would test negative (1), or 1/3 × 1 = 1/3
(Figure 5-2c).

Finally, the posterior probability is calculated for each
hypothesis by dividing the joint probability for that
hypothesis by the sum of all the joint probabilities. In this
example, the posterior probability that the consultand is a
carrier and tests negative for 23 CF mutations is the joint
probability for the first hypothesis (1/15) divided by the
sum of the joint probabilities for both hypotheses (1/15 +
1/3 = 2/5), or 1/15 ÷ 2/5 = 1/6 (Figure 5-2c). The posterior
probability that the consultand is a noncarrier and tests
negative for 23 CF mutations is the joint probability for the
second hypothesis (1/3) divided by the sum of the joint
probabilities for both hypotheses (2/5), or 1/3 ÷ 2/5 = 5/6
(Figure 5-2c).

The preceding example is illustrated graphically in
Figure 5-2d. The total area represents the total prior prob-
abilities. The left two thirds represents the prior probabil-
ity that the consultand is a carrier, and the right third
represents the prior probability that the consultand is a
noncarrier. Under the hypothesis that the consultand is a
carrier, there are two possibilities for the test result: posi-
tive or negative. The area of the small rectangle on the
lower left comprises one tenth of the 2/3 carrier region of
the figure and represents the conditional probability of a
normal test result under the hypothesis that the consultand
is a carrier. The area of this small rectangle is 1/10 × 2/3 =
1/15 of the total probabilities area and therefore also rep-
resents the joint probability that the consultand is a carrier
(2/3) and that as a European Caucasian carrier she would
test negative for all 23 mutations (1/10), or 2/3 × 1/10 = 1/15
(Figure 5-2d).

Under the hypothesis that the consultand is a noncarrier,
there is essentially only one possibility for the test result,
which is negative. The area of the rectangle that comprises
all of the 1/3 noncarrier region represents the conditional
probability of a negative test result under the hypothesis
that the consultand is a noncarrier. The area of this rec-
tangle is one third of the total area and therefore also 
represents the joint probability that the consultand is a
noncarrier (1/3), and that as a noncarrier she would test
negative (~1), or 1/3 × 1 = 1/3. The reverse-L-shaped box,
which is demarcated by a bold line, represents the sum of
the joint probabilities, or 2/5 (= 1/3 + 1/15) of the total area.

Because the consultand tested negative, the area of the
reverse-L-shaped box represents the only component of the
prior probabilities needed to determine the posterior prob-
ability that the consultand is a carrier. Taking into account
that she tested negative, Bayesian analysis allows us to
exclude 3/5 of the prior probability, that portion compris-
ing a positive test result, from consideration. (Note, again,
that this explains why the joint probabilities sum to less
than 1.) The posterior probability that the consultand is a
carrier is therefore the area of the small rectangle at the
lower left divided by the area of the reverse-L-shaped box,

which represents the only probabilities relevant to the con-
sultand’s risk, or 1/15 ÷ 2/5 = 1/6. Likewise, the posterior
probability that the consultand is a noncarrier is the area
of the larger rectangle on the right divided by the area of
the reverse-L-shaped box, or 1/3 ÷ 2/5 = 5/6.

Simple Bayesian Analyses Generalized:
Carrier Versus Noncarrier

The preceding Bayesian analyses can be generalized as in
Table 5-1. Note that if the correct prior and conditional
probabilities can be determined, the rest is simple calcula-
tion. Setting up a spreadsheet, as in Table 5-1, facilitates
clinical Bayesian analyses.

A very common application of Bayesian analysis in
molecular pathology is to calculate carrier risk after a neg-
ative test result, as in the second example, above. The need
to calculate carrier risk in this scenario stems from the fact
that the sensitivity of most carrier tests is, at present, less
than 100%; therefore, a negative test result decreases, but
does not eliminate, carrier risk. Hypothesis 1 in this sce-
nario is that the consultand is a carrier, and Hypothesis 2
is that the consultand is a noncarrier (Table 5-1). The prior
carrier probability (“A” in Table 5-1) depends on whether
there is a family history, and if there is, on the relationship
of the consultand to the affected family member as shown
by the family pedigree. In the absence of a family history,
the prior carrier probability is the population carrier risk
for that disease. In the case of CF and some other diseases,
the appropriate population risk depends on the ethnicity
of the consultand. The conditional probabilities (“C” and
“D” in Table 5-1) are 1 minus the test sensitivity, and the
test specificity, respectively. The remainder of the table is
completed through calculation, with the posterior proba-
bilities (“G” and “H” in Table 5-1) representing 1 minus the
negative predictive value, and the negative predictive value,
respectively. This is shown schematically in Figure 5-3.

For illustration, suppose in the second example above
(Figure 5-2) that the consultand’s husband is Ashkenazi
Jewish, that he has no family history of CF, and that he tests
negative for all 23 mutations in the ACMG screening guide-
lines panel. What is his carrier risk? The carrier risk in
Ashkenazi Jewish populations, and therefore the husband’s
prior carrier risk in the absence of a family history, is
approximately 1/25 (“A” in Table 5-1). Thus, his prior prob-
ability of being a noncarrier is 24/25 (“B” in Table 5-1). The

Table 5-1. Simple Bayesian Analysis Generalized

Hypothesis

1 2

Prior probability A B = 1 − A
Conditional probability C D
Joint probability E = AC F = BD
Posterior probability G = E ÷ (E + F) H = F ÷ (E + F)
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ACMG screening guidelines panel of 23 mutations detects
94% of CF mutations in Ashkenazi Jewish populations,10–12

so the conditional probability of a negative test, under the
hypothesis that he is a carrier, is 6% = 3/50 (“C” in Table 5-
1). Under the hypothesis that he is a noncarrier, the condi-
tional probability of a negative test approximates 1 (“D” in
Table 5-1). (This is generally the case in genetic testing,
since noncarriers by definition lack mutations in the rele-
vant disease gene and, hence, unless there are technical
problems, essentially always should test negative.) The
Bayesian analysis table for this example is shown in Table
5-2. The joint probabilities are the products of the prior
and conditional probabilities (“E” and “F” in Table 5-1),
and the posterior probabilities (“G” and “H” in Table 5-1)
derive from each joint probability divided by the sum of
the joint probabilities. The husband’s posterior carrier risk
after the negative test result is 1/401 (Table 5-2).

What is the risk that the fetus of the mother (consultand)
in Figure 5-2 and the father from Table 5-2 is affected with
CF? Prior to testing, the risk was the prior probability that
the mother was a carrier (2/3), multiplied by the prior
probability that the father was a carrier (1/25), multiplied
by the probability that the fetus would inherit two disease
alleles (1/4), or 2/3 × 1/25 × 1/4 = 1/150. After testing, the
risk is the posterior probability that the mother is a carrier
(1/6), multiplied by the posterior probability that the father
is a carrier (1/401), multiplied by the probability that the
fetus would inherit two disease alleles (1/4), or 1/6 × 1/401
× 1/4 � 1/9600.

Often, testing is performed on additional family
members, and genetic risks need to be modified accord-

ingly. In the example above, testing of both parents of the
mother (consultand) would affect her carrier risk calcula-
tions. Detection of mutations in both parents using the
same mutation test panel would essentially rule out carrier
status for the mother, since we would then know that the
sensitivity of the test for the mutations she is at risk of
carrying is essentially 100%. Alternatively, if the test results
for the mother’s parents are positive for only one of her
parents (for example, her father) and negative for the other
parent (her mother), then the sensitivity of the test for the
mutations she is at risk of carrying is essentially 50%. The
Bayesian analysis for the mother, modified from Figure 5-
2c, is shown in Table 5-3a. The conditional probability of a
negative test under the hypothesis that she is a carrier has
changed from 1/10 to 1/2, which increases the posterior
probability that she is a carrier to 1/2. Taken together with
her husband’s carrier risk of 1/401 (Table 5-2), the risk that

Hypothesis 1
(carrier)

Prior probability = A

Hypothesis 2
(Noncarrier)

Prior probability = B

1 - C
(Sensitivity)

 C
(1 - Sensitivity)

 1 - E
(True positive)

 1 - F
(False positive)

 1 - D
(1 - Specificity)

 D
( Specificity)

 F = BD
(True negative)

 E = AC
(False negative)

Figure 5-3. Schematic representation of the generalized Bayesian analysis shown in
Table 5-1, for the case of a negative carrier test. The small rectangles represent true-
positive, false-positive, true-negative, and false-negative rates for a particular consul-
tand; that is, the prior probabilities are influenced by factors such as family history or
signs and symptoms, and the sensitivity and specificity of the test are influenced by
factors such as ethnicity. For a negative carrier test, the posterior carrier probability (1
minus the negative predictive value) is the false-negative rate divided by the sum of the
false- and true-negative rates, or E ÷ (E + F).

Table 5-2. Bayesian Analysis for an Ashkenazi Jewish Individual
Without a Family History of CF Who Tests Negative for the
ACMG Screening Guidelines Panel of 23 CFTR Mutations

Hypothesis

Carrier Noncarrier

Prior probability 1/25 24/25
Conditional probability 3/50 1

(of negative test 
result)

Joint probability 3/1250 24/25
Posterior probability (3/1250) ÷ (24/25) ÷ (3/1250

(3/1250 + 24/25) + 24/25) = 400/401
= 1/401

Table 5-3a. Bayesian Analysis for the Consultand in Figure 5-2a
After Testing of the Parents (see text)

Hypothesis

Carrier Noncarrier

Prior probability 2/3 1/3
Conditional probability 1/2 1

(of negative test 
result)

Joint probability 1/3 1/3
Posterior probability (1/3) ÷ (1/3 + 1/3) (1/3) ÷ (1/3 + 1/3)

= 1/2 = 1/2

Table 5-3b. Alternative Bayesian Analysis for the Consultand in
Figure 5-2a After Testing of the Parents (see text)

Hypothesis

Carrier

Carrier with Carrier with 
Paternal Maternal
(detectable) (undetectable)
Mutation Mutation Noncarrier

Prior probability 1/3 1/3 1/3
Conditional 0 1 1

probability
(of negative 
test result)

Joint probability 0 1/3 1/3
Posterior probability 0 1/2 1/2
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the fetus is affected with CF can be modified to 1/2 × 1/401
× 1/4 � 1/3200.

Another way of conceptualizing the Bayesian analysis
described above is to separate the carrier hypothesis into
two subhypotheses, as shown in Table 5-3b. (See also
“Bayesian Analysis with More Than Two Hypotheses,”
below.) The two subhypotheses are (1) that the consultand
is a carrier with a paternal (detectable) mutation and (2)
that she is a carrier with a maternal (undetectable) muta-
tion. The prior probability of each hypothesis is 1/3, that is,
half of 2/3. The conditional probability of a negative test
result, under the subhypothesis that she is a carrier of a
detectable paternal mutation, is 0. The conditional proba-
bility of a negative test result, under the subhypothesis that
she is a carrier of an undetectable maternal mutation, is 1.
As in the generalized Bayesian analysis shown in Table 5-
1, the joint probability for each hypothesis is the product
of the prior and conditional probabilities for that hypoth-
esis, and the posterior probability for each hypothesis is the
joint probability for that hypothesis divided by the sum of
all the joint probabilities. The posterior probability that the
consultand has a detectable paternal mutation is 0, and the
posterior probability that she has an undetectable mater-
nal mutation is 1/2 (Table 5-3b).

Simple Bayesian Analyses Generalized:
Affected Versus Unaffected

Another common application of Bayesian analysis in
molecular pathology is to calculate the risk that a patient
is affected with a particular disease after a negative test
result. Again, the need to calculate risk in this scenario
stems from the fact that the sensitivities of many genetic
tests are less than 100%. Hypothesis 1 (in Table 5-1 and
Figure 5-3) in this scenario is that the patient is affected,
and Hypothesis 2 is that the patient is unaffected. The prior
probability (“A” in Table 5-1 and Figure 5-3) usually derives
mostly from signs and symptoms but also may depend on
aspects of the patient’s history, including family history in
diseases with a genetic component. As in the CF example,
above, the conditional probabilities (“C” and “D” in Table
5-1 and Figure 5-3) are 1 minus the test sensitivity, and the
test specificity, respectively. The remainder of the analysis
is accomplished by calculation, with the posterior proba-
bilities (“G” and “H” in Table 5-1) representing 1 minus the
negative predictive value, and the negative predictive value,
respectively.

For example, suppose that a child with clinically typical
spinal muscular atrophy type III (type III SMA; Kugelberg-
Welander disease; OMIM #253400) tests negative for the
homozygous deletion of the SMN1 gene found in most
affected individuals. What is the probability that the child
is affected with SMN1-linked SMA? The Bayesian analysis
for this scenario is shown in Table 5-4a. Wirth et al. found
that 17 of 131 individuals with clinically typical type III

SMA lacked mutations in both SMN1 alleles (and therefore
were considered to have diseases unrelated to SMN1);13

hence, the prior probability that the child is affected with
SMN1-linked type III SMA is 114/131, or 0.87. Approxi-
mately 6% of individuals with SMN1-linked type III SMA
have a deletion of one SMN1 allele and a subtle mutation,
undetectable by simple polymerase chain reaction (PCR)
testing for a homozygous deletion, in the other SMN1
allele;14 hence, the conditional probability of a negative test
result under the hypothesis that the child is affected is
6/100 or 0.06. Homozygous deletions of SMN1, when
present, are highly specific for SMN1-linked SMA; hence,
the conditional probability of a negative test result under
the hypothesis that the child is unaffected with SMN1-
linked SMA approximates 1. Following the simple calcula-
tion rules in Table 5-1, the posterior probability that the
child is affected with SMN1-linked type III SMA is approx-
imately 0.29 (Table 5-4a).

Suppose that SMN1 dosage analysis is performed on the
child’s DNA (i.e., the SMA carrier test), and the result is that
the child has one copy of the SMN1 gene. What is the prob-
ability that he or she is affected with SMN1-linked SMA?
The Bayesian analysis for this scenario is shown in Table 5-
4b. Again, the prior probability that the child is affected
with SMN1-linked type III SMA is 0.87. Because approxi-

Table 5-4a. Bayesian Analysis for a Child with Clinically Typical
Type III SMA Who Tests Negative for Homozygous Deletions of
the SMN1 Gene

Hypothesis

Affected Unaffected

Prior Probability 0.87 0.13
Conditional Probability 0.06 ~1

(of negative test result)
Joint Probability 0.052 0.13
Posterior Probability 0.29 0.71

Table 5-4b. Bayesian Analysis for a Child with Clinically Typical
Type III SMA Who Has One Copy of the SMN1 Gene by Dosage
Analysis

Hypothesis

Affected Unaffected

Prior probability 0.87 0.13
Conditional probability 0.06 0.026

(of 1-copy test result)
Joint probability 0.052 0.0034
Posterior probability 0.94 0.06

Table 5-4c. Bayesian Analysis for a Child with Clinically Typical
Type III SMA Who Has 2 Copies of the SMN1 Gene by Dosage
Analysis

Hypothesis

Affected Unaffected

Prior probability 0.87 0.13
Conditional probability 0.0009 0.9

(of 2-copy test result)
Joint probability 0.00078 0.12
Posterior probability 0.006 0.994
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mately 6% of individuals with SMN1-linked type III SMA
have a deletion of one SMN1 allele and a subtle mutation
in the other SMN1 allele that is detectable as a single copy
by dosage analysis,14 the conditional probability of a single-
copy test result under the hypothesis that the child is
affected is again 0.06. However, the carrier frequency for
SMA in the general population is approximately 1/38;14

hence, in this scenario the conditional probability of a
single-copy test result under the hypothesis that the child
is unaffected with SMN1-linked SMA is 1/38 or 0.026. Fol-
lowing the simple calculation rules in Table 5-1, the poste-
rior probability that the child is affected with SMN1-linked
type III SMA is approximately 0.94 (Table 5-4b).

Suppose instead that the result of the SMN1 dosage
analysis is that the child has two copies of the SMN1 gene.
What is the probability that the child is affected with
SMN1-linked SMA? The Bayesian analysis for this scenario
is shown in Table 5-4c. Again, the prior probability that the
child is affected with SMN1-linked type III SMA is 0.87.
Only approximately 9 in 10,000 individuals with SMN1-
linked type III SMA would be expected to have two subtle,
nondeletion mutations, detectable as two gene copies by
dosage analysis;14 hence, the conditional probability of a
two-copy test result under the hypothesis that the child is
affected is approximately 0.0009. Because more than 7% of
unaffected individuals have three copies of the SMN1 gene,
and approximately 2.5% of unaffected individuals have one
copy of the SMN1 gene, for a total of 9.5% of unaffected
individuals without two copies of SMN1,14 the conditional
probability of a 2-copy test result under the hypothesis that
the child is unaffected with SMN1-linked SMA is 90.5/100,
or approximately 0.9. Following the simple calculation
rules in Table 5-1, the posterior probability that the child
is affected with SMN1-linked type III SMA is only approx-
imately 0.006 (Table 5-4c).

Profiling by proteomics, RNA microarrays, or analysis of
single-nucleotide polymorphisms (SNPs), or some combi-
nation of these, is likely to play an important role in molec-
ular pathology in the future, and clinical test results will be
reported, in many cases, as probabilities or relative risks.
For example, suppose that a consultand has a 20% lifetime
risk of developing a particular disease (based on family
history, physical examination, or clinical laboratory test
results, or a combination of these) and that his or her pro-
teomic profile is 16 times more common in those who go
on to develop the disease than in those who do not. What
is his or her lifetime risk of developing the disease? The
Bayesian analysis for this scenario is shown in Table 5-5.
Hypothesis 1 (from Table 5-1) is that the consultand will
develop the disease, and Hypothesis 2 is that the consul-
tand will not develop the disease. The prior probabilities
are 0.2 and 0.8 for Hypotheses 1 and 2, respectively. Because
the conditional probability of the proteomic profiling
result is 16 times more likely in those who develop the
disease than in those who do not, the conditional proba-
bilities (“C” and “D” in Table 5-1) are 16 and 1, respectively.
Following the simple calculation rules in Table 5-1, the pos-

terior probability that the consultand will develop the
disease is 0.8 (Table 5-5).

Note that because posterior probabilities are normalized
joint probabilities, the absolute values of the conditional
probabilities are unimportant, as long as the ratio (i.e., the
odds ratio) between them is correct. This is also true of
prior probabilities. For example, in the scenario above,
prior probabilities of 1 and 4 can be substituted for 0.2 and
0.8 and the same answer is obtained. Likewise, in the first
example of this chapter (Figure 5-1a), prior probabilities of
1 and 1 can be substituted for 1/2 and 1/2, and conditional
probabilities of 1 and 8 can be substituted for 1/8 and 1,
and the same answer is obtained. Hence, relative risks are
easily incorporated into Bayesian analyses.

Bayesian Analyses with More Than 
One Conditional Probability

Often there is more than one test result, or more than one
set of pedigree information, or both, that can be incorpo-
rated as conditional probabilities in a single Bayesian
analysis. For example, consider the pedigree in Figure 5-4a,
in which the two maternal great uncles of the consultand
were affected with Duchenne muscular dystrophy (DMD;
OMIM #310200), a severe X-linked recessive disease caused
by mutations in the DMD gene (OMIM #300377). The con-
sultand’s maternal grandmother’s carrier risk was 1/2, her
mother’s carrier risk was 1/4, and therefore the consul-
tand’s prior carrier risk is 1/8. Suppose that her carrier
testing is negative using a highly specific test (an analysis
for heterozygous deletions in the DMD gene) that detects
2/3 of carriers. Suppose also that her serum creatine phos-
phokinase (CPK), which is elevated in two-thirds of carri-
ers, is within normal limits. Taking into account her prior
probability of 1/8, her normal molecular and CPK test
results, and, in addition, her three normal sons, what is the
probability that she is a carrier?

The Bayesian analysis for this scenario is shown in
Figure 5-4b. Each conditional probability is given its own
line. Because the genetic test detects 2/3 of carriers and is
highly specific, the conditional probabilities of a negative
genetic test result under the hypotheses that she is a carrier
and noncarrier are 1/3 and 1, respectively. Because serum
CPK is elevated in 2/3 of carriers, the conditional 

Table 5-5. Bayesian Analysis for a Consultand with a 20% Life-
time Risk of Developing a Disease and a Proteomic Profile 16
Times More Common in Those Who Develop the Disease Than in
Those Who Do Not

Hypothesis

Affected Eventually Never Affected

Prior probability 0.2 0.8
Conditional probability 16 1

(of profiling result)
Joint probability 3.2 0.8
Posterior probability 0.8 0.2



68 S. Ogino and R.B. Wilson

probability of a normal serum CPK for the hypothesis that
she is a carrier is 1/3. Because 5% of noncarrier women
have an abnormal serum CPK (i.e., the normal range is
defined as comprising 95% of normal individuals), the con-
ditional probability of a normal serum CPK under the
hypothesis that she is a noncarrier is 95% or 19/20. Finally,
as in Figure 5-1b, the conditional probabilities of three
normal sons under the hypotheses that she is a carrier and
noncarrier are 1/8 and 1, respectively. The joint proba-
bilities for each hypothesis are the products of the prior
probability, and all conditional probabilities, for each
hypothesis (Figure 5-4b). Calculation of posterior proba-
bilities then proceeds exactly as in Table 5-1. In this sce-
nario, taking into account her normal test results and her
three normal sons, the consultand’s carrier risk is lowered
from 1/8 to 0.002, or approximately 1/500.

Bayesian Analyses with More 
Than Two Hypotheses

In some Bayesian analyses, more than two hypotheses must
be considered. For example, consider the pedigree in
Figure 5-5a, in which a child with clinically typical type I
SMA (type I SMA; Werdnig-Hoffman disease; OMIM

#253300) lacks both copies of the SMN1 gene. By dosage
analysis, the child’s (unaffected) mother has one copy of
the SMN1 gene and therefore carries one copy of the SMN1
gene on one chromosome 5, and zero copies of the SMN1
gene on the other chromosome 5, called the “1 + 0” geno-
type. However, the child’s (unaffected) father has two
copies of the SMN1 gene and therefore could have one of
three possible genotypes: (1) two copies of the SMN1 gene
on one chromosome 5 and zero copies of the SMN1 gene
on the other chromosome 5 (the “2 + 0” genotype), (2) one
copy of the SMN1 gene on one chromosome 5 and a subtle
mutation in the SMN1 gene on the other chromosome 5
(the “1 + 1D” genotype, where “1D” stands for a “1-copy-
disease” allele), or (3) one copy of the SMN1 gene on each
chromosome 5 (the “1 + 1” noncarrier genotype), in which
case he passed a de novo deletion of the SMN1 gene to his
affected child. Because the relative frequencies of the
various SMN1 alleles and genotypes in the general popula-
tion are known,14 as well as the paternal and maternal de
novo deletion rates (µp = 2.11 × 10−4 and µm = 4.15 × 10−5,
respectively), the probability that the father is a carrier can
be calculated, which obviously has important implications
for recurrence risk.

The Bayesian analysis for the father’s carrier risk is
shown in Figure 5-5b. There are three hypotheses for the
father’s genotype: 2 + 0, 1 + 1, and 1 + 1D. The prior prob-
abilities are the relative population frequencies for these
genotypes.14 The conditional probabilities are the proba-
bilities that the father passes a 0-copy allele to his child
under each hypothesis. For the 2 + 0 genotype, the condi-
tional probability of passing a 0-copy allele is 0.5, whereas
for the 1 + 1 and 1 + 1D genotypes, the conditional proba-
bility of passing a 0-copy allele is the de novo deletion rate
of µp. As in the generalized Bayesian analysis shown in
Table 5-1, the joint probability for each hypothesis is the

a

b

sisehtopyH
 Carrier 

Prior Probability 
Conditional probability 
(of negative genetic test result) 

1/3 1 

Conditional Probability 
(of normal CPK result) 

1/3 19/20 

Conditional Probability 
(of three normal sons) 

1/8 1 

Joint Probability
Posterior Probability 0.002 0.998

1/576 133/160

Non-carrier
1/8 7/8

Figure 5-4. (a) Pedigree of a family with individuals affected with DMD (see text).
Consultand is indicated by an arrow. (b) Bayesian analysis for the consultand in Figure
5-4a, taking into account her normal carrier test result, her normal CPK test result, and
her three normal sons.

a

b

)epytoneGs’rehtaF(sisehtopyH
2 + 0 D

Prior Probability 
(relative probability) 

1.00 x 10-3  9.00 x 10 -1  4.58 x 10-4

Conditional Probability 
(of passing a 0-copy allele) 

0.5 µp µp

Joint Probability -4  1.9 x 10-4  9.7 x 10-8

Posterior Probability 

1 + 1 1 + 1

5.0 x 10
0.72 0.28 0.00014 

2 copies 1 copy

0 copies

Figure 5-5. (a) Pedigree of a family with an individual affected with type I SMA, with
the SMA carrier test results indicated below each individual (see text). (b) Bayesian analy-
sis for carrier risk of the father of the affected child in Figure 5-5a. µp, paternal de novo
mutation rate.
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product of the prior and conditional probabilities for that
hypothesis, and the posterior probability for each hypoth-
esis is the joint probability for that hypothesis divided by
the sum of all the joint probabilities. The father’s carrier
risk is the sum of the posterior probabilities of the first (2
+ 0) and third (1 + 1D) columns, or approximately 0.72. The
third column contributes little to the carrier risk because
the frequency of the 1 + 1D genotype is low and the condi-
tional probability of a de novo deletion is also low. In con-
trast, although the frequency of the 2 + 0 genotype is much
lower than that of the 1 + 1 genotype, this is counterbal-
anced by the higher conditional probability of passing a 0-
copy allele under the former hypothesis.

Suppose that the father’s parents, the paternal grandfa-
ther and grandmother of the affected child, are tested and
found to have three copies and one copy of the SMN1 gene,
respectively (Figure 5-6a). What is the father’s carrier risk?
The Bayesian analysis for this scenario is shown in Figure
5-6b. Again, there are three hypotheses for the father’s
genotype: 2 + 0, 1 + 1, and 1 + 1D. However, in this scenario,
the father’s prior probabilities derive from the prior and
conditional probabilities of his parents. Because the grand-
father has three copies of the SMN1 gene, his genotype is
either 2 + 1 (columns A and C) or 2 + 1D (columns B and
D), and his prior probabilities are the relative population
frequencies for these genotypes.14 Because the (unaffected)
grandmother has one copy of the SMN1 gene, her genotype
is 1 + 0, and her prior probability is the relative population
frequency of the 1 + 0 genotype for type I SMA in the
general population, which is the carrier frequency of 1/38
(2.50 × 10−2).14 (Note that because the grandmother must
be 1 + 0, simply a prior probability of 1 could be used; as
noted above, the absolute values of the conditional proba-
bilities are unimportant, as long as the ratio between them
is correct.) The four columns (A through D) show the four
possible permutations of grandparental genotypes (prior
probabilities) with passage of particular alleles to the
father (conditional probabilities) so that he would have a
2-copy SMA carrier test result. Under the hypothesis that
the father has a 2 + 0 genotype, he could have inherited a
2-copy “allele” (two copies of SMN1 on one chromosome 5)
from the grandfather (2 + 1) at a probability of 0.5 and a
0-copy allele from the grandmother (1 + 0) at a probabil-
ity of 0.5 (column A), or he could have inherited a 2-copy
allele from the grandfather (2 + 1D) at a probability of 0.5
and a 0-copy allele from the grandmother (1 + 0) at a prob-
ability of 0.5 (column B). Under the hypothesis that the
father has a 1 + 1 genotype, he could have inherited a 1-
copy allele from the grandfather (2 + 1) at a probability of
0.5 and a 1-copy allele from the grandmother (1 + 0) at a
probability of 0.5 (column C). Under the hypothesis that
the father has a 1 + 1D genotype, he could have inherited a
1D allele from the grandfather (2 + 1D) at a probability of
0.5 and a 1-copy allele from the grandmother (1 + 0) at a
probability of 0.5 (column D).

The father’s prior probabilities are the products of the
prior and conditional probabilities for the grandparents for

each column or permutation. Under the hypothesis that the
father has a 2 + 0 genotype, the conditional probability of
passing a 0-copy allele to his child is 0.5 (columns A and
B), whereas under the hypothesis that the father has a 1 +
1 or 1 + 1D genotype, the conditional probability of passing
a 0-copy allele to his child is the de novo deletion rate of
µp (columns C and D). As in the generalized Bayesian
analysis shown in Table 5-1, the joint probability for each
column is the product of the prior and conditional proba-
bilities for that column, and the posterior probability for
each column is the joint probability for that column
divided by the sum of all the joint probabilities. The father’s
carrier risk is the sum of the posterior probabilities of
columns A (2 + 0), B (2 + 0), and D (1 + 1D), or approxi-
mately 0.999. The father’s increased carrier risk in this sce-
nario derives almost entirely from the probability that he
has the 2 + 0 genotype; this is unsurprising since the grand-
father’s 3-copy test result demonstrates the presence of a 2-
copy allele in the family. (Note that because the
grandmother’s prior and conditional probabilities are the
same in every column, excluding her data from the analy-
sis will not change the result.)

Suppose instead that the father’s parents, the paternal
grandfather and grandmother of the affected child, are
tested and each is found to have two copies of the SMN1
gene (Figure 5-7a). What is the father’s carrier risk? The
Bayesian analysis for this scenario is shown in Figure 5-7b.
Again, there are three hypotheses for the father’s genotype:

a

b

Hypothesis (Father’s Genotype) 
2 + 0 D

DCBA
Grandfather’s Genotype 2 + 1 D  2 + 1 D

Prior probability 
(relative probability) 

7.18 x 10-2  1.15 x 10-5  7.18 x 10-2  1.15 x 10-5

Conditional probability 
(of passing a 2-copy allele) 

0.5

Conditional probability 
(of passing a 1 or 1D allele) 

--

Grandmother’s Genotype 1 + 0
Prior probability -2  2.50 x 10-2  2.50 x 10-2  2.50 x 10-2

Conditional probability 
(of passing a 0-copy allele) 

0.5

Conditional probability 
(of passing a 1-copy allele) 

--

Father’s Genotype 2 + 0 D

Conditional probability 
(of passing a 0-copy allele) 

0.5 0.5 µp µp

Joint Probability 2.24 x 10-4  3.59 x 10-8  9.47 x 10-8  1.52 x 10-11

Posterior Probability 0.999

2 + 1 2 + 1

0.5 -- --

-- 0.5 0.5

1 + 0 1 + 0 1 + 0
2.50 x 10

 0.5  -- --

-- 0.5 0.5

1 + 11 + 1 

0.00016 0.00042 0.000000068 

1 + 1 1 + 1

Figure 5-6. (a) Pedigree of a family with an individual affected with type I SMA with
the SMA carrier test results indicated below each individual (see text). (b) Bayesian analy-
sis for carrier risks of the father of the affected child in Figure 5-6a.
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2 + 0, 1 + 1, and 1 + 1D. However, in this scenario, the
number of possible permutations of grandparental geno-
types (prior probabilities) with passage of particular alleles 
to the father (conditional probabilities) is dramatically
increased. This is because each grandparent could have a 2
+ 0, 1 + 1, or 1 + 1D genotype, and the father could have
received a 2-copy allele, a 0-copy allele, a 1-copy allele, or a
1D allele from either grandparent, in most cases by direct
Mendelian inheritance and in some cases from de novo
deletions. The organization of the Bayesian analysis in
Figure 5-7b is guided by the possible genotypes of the
father, which determine the grandparental genotype per-
mutations that need to be considered. Under the hypothe-
sis that the father has the 2 + 0 genotype, he could have
received a 2-copy allele from one (2 + 0) grandparent and
a 0-copy allele from the other (2 + 0) grandparent, both by
direct inheritance (columns A and B), or he could have
received a 2-copy allele from one (2 + 0) grandparent by
direct inheritance and a de novo deletion allele from the
other (1 + 1 or 1 + 1D) grandparent (columns C, D, E, and
F). Under the hypothesis that the father has the 1 + 1 geno-
type, he must have received a 1-copy allele from each (1 +
1 or 1 + 1D) grandparent (columns G, H, I, and J). Under the
hypothesis that the father has the 1 + 1D genotype, he must
have received a 1-copy allele from one (1 + 1 or 1 + 1D)
grandparent and a 1D allele from the other (1 + 1 or 1 + 1D)
grandparent (columns K, L, M, and N).

More specifically, under the hypothesis that the father
has the 2 + 0 genotype, column A shows the prior proba-
bility that the grandfather is 2 + 0 (1.00 × 10−3), the condi-
tional probability that he passes a 2-copy allele to the father
(0.5), the prior probability that the grandmother is 2 + 0
(1.00 × 10−3), and the conditional probability that she
passes a 0-copy allele to the father (0.5). Under the hypoth-
esis that the father has the 1 + 1 genotype, column G shows
the prior probability that the grandfather has a 1 + 1 geno-
type (0.90), the conditional probability that he passes a 1-
copy allele to the father (1), the prior probability that the
grandmother has a 1 + 1 genotype (0.90), and the condi-
tional probability that she passes a 1-copy allele to the
father (1). Under the hypothesis that the father has the 1 +
1D genotype, column K shows the prior probability that the
grandfather has a 1 + 1 genotype (0.90), the conditional
probability that he passes a 1-copy allele to the father (1),
the prior probability that the grandmother has a 1 + 1D

genotype (4.58 × 10−4), and the conditional probability that
she passes a 1D allele to the father (0.5).

Again, the father’s prior probabilities are the products of
the prior and conditional probabilities for the grandpar-
ents for each column or permutation. Under the hypothe-
sis that the father has a 2 + 0 genotype, the conditional
probability of passing a 0-copy allele to his child is 0.5
(columns A through F), whereas under the hypothesis that
the father has a 1 + 1 or 1 + 1D genotype, the conditional
probability of passing a 0-copy allele to his child is the
paternal de novo deletion rate of µp (columns G through
L). As in the generalized Bayesian analysis shown in Table

5-1, the joint probability for each column is the product of
the prior and conditional probabilities for that column, and
the posterior probability for each column is the joint prob-
ability for that column divided by the sum of all the joint
probabilities. The father’s carrier risk is the sum of the pos-
terior probabilities of columns A through F (2 + 0), and K
and L (1 + 1D), or approximately 1/400. Relative to the pre-
vious scenario (Figure 5-6), in which the father also had
two copies of SMN1 but the grandparents had different
copy numbers, the father’s dramatically decreased carrier
risk in this scenario derives from the much lower proba-
bility that a 2-copy allele is present in his family, and illus-
trates the importance of integrating all available genetic
testing information into risk assessment calculations.

An alternative organization of the Bayesian analysis
shown in Figure 5-7b is shown in Figure 5-7c and is guided
by the three hypotheses for the grandparental genotypes: 1
+ 1, 2 + 0, and 1 + 1D. For example, under the hypothesis
that both of the grandparents have a 1 + 1 genotype,
column A shows the prior probabilities that the grand-
father has a 1 + 1 genotype (0.9) and that the grandmother
has a 1 + 1 genotype (0.9), the conditional probability that
the father received 1-copy alleles from both of the grand-
parents (1), and the conditional probability that the father
passed a 0-copy allele to the affected child (by de novo dele-
tion, µp). Under the hypothesis that the grandfather has a
1 + 1 genotype and that the grandmother has a 2 + 0 geno-
type, column B shows the prior probabilities that the
grandfather has a 1 + 1 genotype (0.90) and that the grand-
mother has a 2 + 0 genotype (0.001), the conditional prob-
ability that the father received a 2-copy allele from one of
the grandparents (the grandmother in this case) (0.5) and
a 0-copy allele from the other grandparent (the grand-
father in this case by de novo deletion, µp), and the condi-
tional probability that the father passed a 0-copy allele to
the affected child (0.5). Under the hypothesis that the
grandfather has the 1 + 1 genotype and that the grand-
mother has the 1 + 1D genotype, column C shows the prior
probabilities that the grandfather has a 1 + 1 genotype
(0.90) and that the grandmother has a 1 + 1D genotype
(0.00046), the conditional probability that the father
received 1-copy alleles from both grandparents (0.5), and
the conditional probability that the father passed a 0-copy
allele to the affected child (by de novo deletion, µp). Under
the hypothesis that the grandfather has the 1 + 1 genotype
and that the grandmother has the 1 + 1D genotype, column
D shows the prior probabilities that the grandfather has a
1 + 1 genotype (0.90) and that the grandmother has a 1 +
1D genotype (0.00046), the conditional probability that 
the father received a 1D allele from one of the grandparents
(the grandmother in this case) and a 1-copy allele from the
other grandparent (the grandfather in this case) (0.5), and
the conditional probability that the father passed a 0-copy
allele to the affected child (by de novo deletion, µp). The
father’s carrier risk is the sum of the posterior probabili-
ties of columns B, D through G, I, J, and L, or approximately
1/400.
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In both approaches (Figures 5-7b and 5-7c), the use of
one comprehensive Bayesian analysis table incorporating
all necessary information allows simultaneous calculations
of the carrier risks of the father, grandfather, and grand-
mother. Such a comprehensive approach is necessary
because the 2-copy test results for the grandparents
influence the carrier risk of the father, and the 2-copy test
result for the father influences the carrier risks of the
grandparents. Using Figure 5-7b, the posterior carrier risk
of the grandfather is the sum of the posterior probabilities
of columns A through D, F, I, J, and L through N, or approx-
imately 0.0020 (1/500), and the carrier risk of the grand-
mother is the sum of the posterior probabilities of columns
A, B, D through F, H, J, K, M, and N, or approximately 0.0022
(1/450). The posterior probability that all three of them are
carriers is the sum of the posterior probabilities of columns
A, B, D, F, M, and N, or approximately 0.0015 (1/600). Using
Figure 5-7c, the carrier risk of the grandfather is the sum
of the posterior probabilities of columns E through L, or
approximately 0.0020 (1/500), and the carrier risk of the
grandmother is the sum of the posterior probabilities of
columns B through D, F, G, and J through L, or approxi-
mately 0.0022 (1/450). The posterior probability that all
three of them are carriers is the sum of the posterior prob-
abilities of columns F, G, J, and L, or approximately 0.0015
(1/600).

Concluding Remarks

Bayesian analysis plays a central role in genetic risk assess-
ment, and those who offer genetic testing should be
proficient. Genetic risk should be assessed as accurately as
possible, using all available information at a particular
point in time, from the pedigree, from laboratory testing,
or from both. Although the technologies for genetic testing
will continue to change, Bayesian analysis and genetic risk

assessment will remain fundamental aspects of genetic
testing and genetic counseling.

References

1. Bayes T. An essay towards solving a problem in the doctrine of
chances. Biometrika. 1958;45:296–315.

2. Young I. Introduction to Risk Calculation in Genetic Counseling.
Oxford: Oxford University Press; 1999.

3. Bridge P. The Calculation of Genetic Risks: Worked Examples in DNA
Diagnostics. Baltimore: Johns Hopkins University Press; 1997.

4. Ogino S, Leonard DGB, Rennert H, Ewens WJ, Wilson RB. Genetic
risk assessment in carrier testing for spinal muscular atrophy. Am J
Med Genet. 2002;110:301–307.

5. Ogino S, Wilson RB. Genetic testing and risk assessment for spinal
muscular atrophy (SMA). Hum Genet. 2002;111:477–500.

6. Ogino S,Wilson RB. Bayesian analysis and risk assessment in genetic
counseling and testing. J Mol Diagn. 2004;6:1–9.

7. Ogino S, Wilson RB, Gold B, Hawley P, Grody WW. Bayesian analy-
sis for cystic fibrosis risks in prenatal and carrier screening. Genet
Med. 2004;6:439–449.

8. Ogino S, Wilson RB, Grody WW. Bayesian risk assessment for auto-
somal recessive diseases: fetal echogenic bowel with one or no
detectable CFTR mutation. J Med Genet. 2004;41:e70.

9. Ogino S, Flodman P, Wilson RB, Gold B, Grody WW. Risk calcula-
tions for cystic fibrosis in neonatal screening by immunoreactive
trypsinogen and CFTR mutation tests. Genet Med. 2005;7:317–327.

10. Grody WW, Cutting GR, Klinger KW, Richards CS, Watson MS,
Desnick RJ. Laboratory standards and guidelines for population-
based cystic fibrosis carrier screening. Genet Med. 2001;3:149–154.

11. Richards CS, Bradley LA, Amos J, et al. Standards and guidelines for
CFTR mutation testing. Genet Med. 2002;4:379–391.

12. Watson MS, Cutting GR, Desnick RJ, et al. Cystic fibrosis population
carrier screening: 2004 revision of American College of Medical
Genetics mutation panel. Genet Med. 2004;6:387–391.

13. Wirth B, Herz M, Wetter A, et al. Quantitative analysis of survival
motor neuron copies: identification of subtle SMN1 mutations in
patients with spinal muscular atrophy, genotype-phenotype correla-
tion, and implications for genetic counseling. Am J Hum Genet.
1999;64:1340–1356.

14. Ogino S,Wilson RB, Gold B. New insights on the evolution of the SMN1
and SMN2 region: simulation and meta-analysis for allele and haplo-
type frequency calculations. Eur J Hum Genet. 2004;12:1015–1023.



Chapter 6
Developmental Disabilities
Nancy J. Carpenter, Kristin May, Benjamin Roa, and Jack Tarleton

generated by alternative splicing toward the 3′ end of the
mRNA in some tissues. While FMRP can be detected in the
nucleus, the majority of the protein associates with trans-
lating ribosomes in the cytoplasm, where it acts as a 
negative translational regulator. FMRP also is known to
have a role in neuronal synapse maturation and plasticity.
Autopsy samples from FXS patients have shown failure of
dendritic spines to assume a normal mature size, shape,
and distribution.

The molecular genetics of FMR1 are complex.A repeated
trinucleotide sequence, composed primarily of CGG
repeats, is located in the untranslated portion of exon 1,
ending 69 base pairs upstream of the translational start.
Nearly all mutations (>99%) resulting in FXS occur as insta-
bility of the trinucleotide repeat, leading to dramatic expan-
sion of the repeat segment (>200 to a few thousand repeats)
accompanied by aberrant hypermethylation of CpG dinu-
cleotides within the gene (full mutations). Relatively rare
deletions and point mutations in FMR1 account for the
remaining mutations found in patients with FXS.The mech-
anism of repeat instability in FMR1 is believed to be DNA
polymerase slippage during DNA replication. AGG repeats,
spaced at about 10 repeat intervals within the CGG repeat
segment, may mitigate potential repeat instability through
disruption of higher-order molecular structures formed
during DNA replication. These secondary structures con-
tribute to polymerase slippage, and alleles that lack inter-
rupting AGG repeats are at higher risk for expansion.

The FMR1 repeat region is naturally polymorphic, with
variation of the CGG repeats in normal (i.e., stably inher-
ited) alleles ranging from 5 to 40 repeats, and the vast
majority of individuals in the general population have 20
to 40 repeats. Intermediate repeat alleles containing 41 to
59 repeats occasionally have minor variations of a few
repeats when transmitted from parent to child, producing
no clinical consequences. However, in rare instances, trans-
mission of intermediate alleles with 55 to 59 repeats may
expand into pathological alleles.

Interestingly, FXS occurs strictly through maternal
inheritance. Individuals with full mutations may inherit a
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Although the classic childhood phenotypes of many devel-
opmental disorders have been established for some time,
only in the past decade have the genetic etiologies of some
of these disorders been identified. Investigations of the
molecular basis of these conditions have resulted in 
the identification of new genes, leading to insights into the
function of new proteins and biochemical pathways. In
addition, genetic mechanisms previously unknown in
humans, such as genomic imprinting, uniparental disomy,
expansion of trinucleotide repeats, and facilitation of dele-
tions and duplications by low-copy repeats, were recog-
nized as the causes of some of these conditions.

This chapter reviews the genetic etiologies of several
developmental disorders, including the fragile X,
Prader-Willi, Angelman, Rett, and Williams syndromes,
and disorders due to cryptic unbalanced chromosome
rearrangements. The molecular approaches being applied
to the diagnosis of these disorders also are reviewed.

FRAGILE X SYNDROME

Molecular Basis

Named for its association with a chromosomal fragile site
observed in many patients (FRAXA chromosomal locus
Xq27.3), fragile X syndrome (FXS) is the most common
cause of inherited mental retardation (MR). FXS results
from loss or severe reduction of the protein FMRP, encoded
by the FMR1 (fragile X mental retardation) gene.1 All
patients with FXS have mutations in FMR1, as no muta-
tions leading to FXS have been identified in other genes.
Both males and females may be affected with FXS, but
females are typically less severely affected. Thus, FXS is
considered to be X-linked dominant with reduced pene-
trance in females.2

The FMR1 gene encompasses 38 kilobases (kb) of
genomic DNA and has 17 exons.3 The major FMR1
messenger RNA (mRNA) produced in most tissues is
approximately 4 kb, although several protein isoforms are
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similar allele from their mothers or, alternatively, their
mothers may have a “premutation” allele. FMR1 alleles with
>60 repeats up to approximately 200 repeats are considered
premutations because of potential instability. Individuals
with premutations do not have typical characteristics asso-
ciated with FXS but may transmit an unstable repeat, which
undergoes extensive repeat expansion. When transmitted
by fathers to their daughters, premutations are not dra-
matically unstable, and as a result full mutations never
arise through paternal inheritance.

Hypermethylation of the FMR1 promoter region, along
with repeat expansion, results in decreased or completely
absent transcription and the concomitant loss of FMRP.
Patients with partial methylation of a full mutation
(methylation mosaics) may have some FMRP expression,
resulting in a less severe phenotype. In addition, patients
with a mixture of cells having either a premutation or full
mutation (premutation/full mutation size mosaics) fre-
quently are identified during molecular testing. These
patients usually have MR but may perform at the lower end
of normal intellect (IQ > 70). Because methylation is not an
all-or-none phenomenon within FMR1, the FXS phenotype
may encompass a spectrum of possible affectations from
mild to severe. Table 6-1 summarizes the classification of
FMR1 alleles.

Clinical Utility of Testing

Due to the presence of unrecognized FMR1 alterations in
unaffected, carrier parents, the first indication of FXS
within a family is usually the diagnosis of an affected child.
Unfortunately, many families do not learn the FXS diagno-
sis for long periods after first concerns about their child’s
development or behavior, and many have subsequent 
pregnancies before diagnosis for their first child. Such 
situations highlight the importance of early diagnosis so
children and families can receive the benefits of genetic
counseling and intervention services. Other than the infre-
quent deletion or point mutation, which often are sponta-
neous and not inherited from a parent, mothers of all FXS
patients are either premutation or full-mutation carriers.
In turn, at least one of the mother’s parents has an FMR1
alteration. Consequently, FMR1 mutations may be present
in siblings of an affected individual as well as other

extended family members. It is important to remember
that the daughters of unaffected males with a premutation
(transmitting males) are also unaffected carriers, and that
their offspring are at risk for FXS. Many families are known
in which an FMR1 mutation has been transmitted through
numerous generations and into family branches unknown
to one another.

For developmentally delayed children, FMR1 molecular
testing is diagnostic, as FXS affects development from
infancy. However, the nonspecific nature of FXS during
early development makes the testing approach one of
ruling out FXS in most situations. The hallmark finding in
almost all patients with FXS is MR, but the physical and
behavioral features of males with FXS are variable prior 
to puberty. Physical features not readily recognizable in
preschool-age boys become more obvious with age: long
face, prominent forehead, large ears, prominent jaw, and
enlarged testicles (macroorchidism). Motor milestones and
speech are frequently delayed, and temperament often is
affected (e.g., hyperactivity, hand flapping, hand biting,
temper tantrums, and occasionally autism). Females with
FXS usually have milder manifestations and as a result are
more difficult to diagnose clinically. FXS always should be
suspected in males with mild to moderate MR and females
with mild MR until shown otherwise by negative FMR1
analysis.

Women who are full-mutation or premutation carriers
have a 50% risk of transmitting their abnormal allele in
each pregnancy. While transmission of a full mutation
always leads to a child with a full mutation, the risk of a
premutation transmission resulting in an affected off-
spring with a full mutation is proportional to the maternal
premutation repeat number. Empirically, the 50% risk of a
female carrier producing an affected male child is reduced
to 7% if the premutation contains 56 to 59 repeats, 10% for
60 to 69 repeats, 29% for 70 to 79 repeats, 36% for 80 to 89
repeats, and 47% for 90 to 99 repeats; it reaches the
maximum, 50%, when a premutation has >100 repeats.
Because females have approximately 50% penetrance, the
risk for producing an affected female is half that of pro-
ducing an affected male in any premutation repeat interval
category.

Prenatal testing for FMR1 mutations is available in many
clinical molecular laboratories. Genomic DNA isolated
from amniocytes obtained during amniocentesis at 16 to
18 weeks gestation or from chorionic villus sampling (CVS)
at 10 to 12 weeks gestation can be used for testing. Prena-
tal molecular analysis proceeds in much the same fashion
as that performed on DNA obtained from adult peripheral
blood. However, the DNA analysis of CVS may be more
complex, as chorionic villi are extraembryonic. Hyperme-
thylation in CVS may be incomplete and not representative
of the true FMR1 methylation status in fetal tissues.
Therefore, occasionally a follow-up amniocentesis may be
required to resolve ambiguous CVS test results.

General population screening for FMR1 mutations has
been proposed but remains controversial. In comparison to

Table 6-1. Normal and Pathological FMR1 Allele Types

Allele Repeat Range Methylation?

Normal 5–40 No
Intermediate 41–59 No
Premutation 60–~200 No
Full mutation �200 Yes
Methylation mosaic �200 Variable
Premutation/full Mixed premutation Full mutation

mutation repeat and full mutation may be 
size mosaic methylated
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most disorders already screened in the newborn period,
FXS is more prevalent and testing is highly reliable.
However, the relatively high costs and the technical com-
plexities of testing must be resolved before population
screening is possible. Protein testing of FMRP may be
useful for screening populations with MR.

Available Assays

Routine clinical testing for FMR1 mutations includes
molecular assessment of both the trinucleotide repeat
number and the FMR1 methylation status. Standard tech-

nical approaches include (1) double-digest Southern blot
analysis using a methylation-sensitive restriction enzyme
such as Eag I, BssH II, or Nru I along with a 
methylation-insensitive restriction enzyme such as EcoR I
or Hind III4 and (2) polymerase chain reaction (PCR)
assays specific for the CGG repeat segment of FMR1
(Figure 6-1).5 Specialized fragile X chromosome analysis,
using special culture techniques to induce fragile sites, is
no longer used for diagnosis of FXS due to low sensitivity.
While only a very few FXS patients with point mutations
in FMR1 have been identified, clinical molecular testing
does not routinely investigate the gene for point mutations,
deletions, insertions, or inversions downstream of the
repeat segment.

In most laboratory settings PCR is used to size normal
and premutation alleles with typical sensitivity up to 120
to 150 repeats. PCR product yield is inversely proportional
to the number of trinucleotide repeats such that little or no
product can be obtained when larger repeats are present.
Some PCR-based testing protocols may have higher 
sensitivity regarding detection of larger repeats, yet few
laboratories have adopted these practices due to technical
difficulties. When used in conjunction with PCR, Southern
blot analysis provides a more complete inspection of the
gene by detecting multiple possible molecular events,
including repeat expansion, DNA methylation, and the rel-
atively rare FMR1 deletions around the trinucleotide repeat
segment. Although it is not routinely performed in 
most clinical laboratory settings, a few laboratories utilize
protein-based testing for FMRP. Since severity of the FXS
phenotype appears to inversely correlate with FMRP
expression, assessment of FMRP production in patients
with methylation mosaicism may be a useful prognostic
indicator of disease severity.6

Interpretation of Test Results

Because FMR1 appears to be the only disease-causing gene
for FXS, test specificity is 100%. Using both Southern blot
analysis and PCR specific for FMR1, test sensitivity for
repeat expansion can be estimated to be nearly 99%, as
only rare point mutations, small deletions/insertions
remote from the repeat segment, or gene inversions would
be missed. However, these nonrepeat expansion molecular
alterations may be underascertained in FMR1 since gene
regions downstream of the repeat segment in exon 1 are
rarely investigated, even if repeat expansion is not present.
As detected by testing, the presence of cellular mosaicism,
in either repeats or methylation, presents potential prob-
lems for prediction of FXS severity. Essentially all patients
with mutations resulting in reduction of FMRP are
impaired, but expression of variable amounts of FMRP may
allow some individuals to function at a higher level than
expected. These individuals may occasionally have intelli-
gence quotients that are not in the MR range. Prognostica-
tion of severity based on testing of a young child should be
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Figure 6-1. Repeat expansion and methylation in FMR1. (a) Restriction enzyme map of
FMR1, with locations of restriction enzyme sites, DNA probe, and PCR primers used in
molecular testing. Top line indicates DNA fragments generated using EcoR I and Eag I as
depicted in the Southern blot analysis in Figure 6-1b (2.8 kb and 5.2 kb fragments are
detected by the DNA probe StB12.3). The vertical arrow indicates the location of the CGG
repeat in exon 1. (b) Southern blot analysis of FMR1. Only the 2.8 kb fragment is detected
in normal males (lane 1), while both the 2.8 kb and 5.2 kb fragments are detected in
normal females (lane 2) due to methylation associated with normal X inactivation.
Completely methylated full mutations are depicted in lane 3 (affected male with full
mutation) and lane 4 (affected female with full mutation contained on one of her X 
chromosomes; normal allele on her other X chromosome). Smeary signals occur due to
variable repeat expansion within peripheral lymphocytes used for DNA isolation. Mosaic
patterns are illustrated in lane 5 (male with partial methylation of full mutation), lane 6
(male with premutation/full mutation mosaicism), and lane 7 (female with premuta-
tion/full mutation mosaicism). Lane 8 illustrates a transmitting male with a premutation
and lane 9 illustrates a female with a premutation. Both premutations contain approxi-
mately 75 repeats. (c) PCR analysis of FMR1 repeats from five individuals separated on a
6% polyacrylamide gel. Lane 1 contains PCR products from a female with 20 and 30
repeats, respectively, contained within her two normal alleles. Lanes 2, 3, and 5 are males
with normal repeat alleles (40, 30, and 20 repeats, respectively), while lane 4 illustrates
a male with a 65-repeat premutation allele. Smeary signals result from DNA polymerase
stuttering during the PCR amplification.
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predicated with great caution during genetic counseling,
because no long-term study exists following the develop-
ment of individuals with methylation mosaicism.

Laboratory Issues

Due to unusual complexity in FMR1, molecular testing
should be performed by an experienced molecular pathol-
ogist. If the etiology of MR in an individual is unknown,
DNA analysis for FXS should be performed as part of a
comprehensive genetic evaluation that includes routine
cytogenetic analysis. Cytogenetic abnormalities have been
identified as frequently as or more frequently than FMR1
mutations in individuals with MR who are referred for FXS
testing. In addition, the use of Southern blotting on DNA
isolated from amniocytes for prenatal FMR1 analysis, with
typical 2- to 3-week turnaround times, may lead to stress-
ful situations on occasion regarding the timing of possible
pregnancy termination. Utilization of CVS provides 
additional time for possible pregnancy termination, but
equivocal results sometimes occur due to incomplete
methylation when a full mutation is present.

PCR-based commercial kits used to estimate repeat copy
number are available through some suppliers but not
widely utilized. Many laboratories use laboratory-
developed methods for both FMR1 Southern blot analysis
and PCR. Patient control cell lines may be purchased from
the Coriell Institute (http://coriell.umdnj.edu/). Testing for
FXS is routinely included in proficiency tests administered
by the College of American Pathologists (CAP).

UNIPARENTAL DISOMY

Molecular Basis

Several developmental disorders arise not just from classi-
cal gene mutations but also from the effects brought to bear
on gene expression by chromosomal aneuploidy. Aneu-
ploidy occurs in a substantial percentage of all recognized
pregnancies, yet most instances result in embryonic lethal-
ity with spontaneous abortion during early pregnancy. This
high rate of observed aneuploidy suggests the existence of
numerous abnormal gametes, either nullisomic or disomic
for a particular chromosome, due to meiotic nondisjunc-
tion events. Considering the relatively high frequency of
aneuploidies, Eric Engel in 1980 hypothesized the potential
for rare “gametic complementation” between a gamete
nullisomic for a particular chromosome and a gamete
disomic for the same chromosome.7 Although derived from
two separate “mistakes,” such a union would lead to an
apparently normal (2 n or disomic) individual with inheri-
tance of two copies of a chromosome pair (or a chromoso-
mal segment) from one parent and no copy from the other
parent, or uniparental disomy (UPD). Maternal UPD occurs
when a child has two copies of one of the mother’s chro-

mosomes and no copies of that particular chromosome
from the father. Paternal UPD occurs when a child inherits
two copies of a specific chromosome from the father and no
copies of that chromosome from the mother.

Uniparental disomy may or may not cause developmental
problems, depending on which chromosome is involved.
However, patients identified with UPD indicate that the pos-
sible clinical consequences include (1) expression of reces-
sive disorders when only one parent carries a recessive trait,
(2) disorders related to parent-of-origin effects (imprinted
genes), and (3) residential effects of chromosome aneu-
ploidy (mosaicism). The inheritance of two identical chro-
mosomes, or isodisomy, may occur due to meiosis II
nondisjunction, formation of isochromosomes through
centromeric misdivision, or mitotic nondisjunction in a
monosomic diploid cell. Isodisomy is of particular concern
due to the potential expression of recessive disorders when
one parent is a carrier of a recessive trait, and for imprint-
ing disorders. Inheritance of two homologous, but non-
identical, chromosomes from one parent is termed
heterodisomy, and occurs as a result of a meiosis I nondis-
junction. The presence of heterodisomy raises concern
related to expression of imprinting disorders.

Gametic complementation is one of several possible
mechanisms producing UPD (Table 6-2). The most
common mechanism leading to UPD appears to be trisomy
rescue. Observations of mosaicism for normal and tri-
somic karyotypes confined to extraembryonic (placental)
tissue obtained by CVS, or confined placental mosaicism
(CPM), led to recognition of trisomy rescue. Upon later
cytogenetic examination of fetal or neonatal tissue, this
mosaicism is not detected and has resolved into an appar-
ently normal disomy. A trisomy may be “rescued” by loss
of one trisomic set member through nondisjunction,
anaphase lag, or chromosome degradation mediated by
centromeric loss. Because the chromosome loss is random,
the incidence of UPD in a diploid fetus with known CPM
is theoretically 1 in 3. Correction or rescue of a monosomic
cell line may occur through early mitotic nondisjunction
or endoreduplication of a whole chromosome in a mono-
somic conception. In addition, chromosomal transloca-

Table 6-2. Mechanisms Leading to UPD

Trisomy rescue
Monosomy rescue
Gametic complementation
Chromosomal translocation
• Centric fusions of acrocentric chromosomes

• Familial heterologous Robertsonian translocation
• Familial homologous Robertsonian translocation
• Heterologous de novo centric fusions
• Homologous de novo centric fusions

• Reciprocal balanced translocations
De novo somatic recombination
Pericentric and paracentric inversions in imprinted domains
Small marker chromosomes containing imprinted genes

Source: Reference 8.
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tions, somatic recombination, inversions in imprinted
domains, and marker chromosomes also may lead to UPD.

When Engel first conceptualized UPD, he calculated that
perhaps 3 in 10,000 individuals have UPD for one of the
chromosomes (15, 16, 21, 22, or the sex chromosomes)
commonly observed in aneuploidy.7 Immediately recog-
nized was the potential consequence of isodisomy, result-
ing in duplication of recessive alleles from a single carrier
parent. In 1988, the discovery of cystic fibrosis (CF) in a
young girl with maternal UPD for chromosome 7 was the
first report of UPD resulting in a recessive condition.9 The
girl’s mother was a CF carrier but her father was not. Reces-
sive conditions caused by UPD have been reported for UPD
involving chromosomes 1, 2, 4, 5, 6, 7, 8, 9, 11, 13, 14, 15, 16,
and X (Table 6-3).

The later discovery of genomic imprinting revealed
additional pathological consequences related to UPD.10

While most genes are expressed from functional alleles
derived from both parents, a small minority of genes are
normally expressed only from one allele, either the mater-
nal or paternal allele. This differential gene expression
depending on the parent of origin results from imprinting,
a process initiated in germinal tissue and maintained in
somatic tissue by methylation of DNA. Imprinting may be
tissue specific and is a normal process for regulating
dosage of gene products when normal, biparental inheri-
tance occurs. As a result of DNA methylation, control ele-
ments regulate expression of specific individual genes,
or whole segments of chromosomes containing several

genes, exclusively from either the maternal or paternal
alleles. Uniparental disomy for chromosomes containing
imprinted genes results in functional loss of gene expres-
sion even when no change to the DNA sequence has
occurred. Although a small number of genes are affected,
several disorders result from imprinting defects or loss of
gene expression related to UPD of a chromosome contain-
ing imprinted genes (Table 6-4).

Clinical Utility of Testing

Molecular testing is valuable in uncovering UPD as an
explanation for imprinting disorders and some recessive
diseases. Testing is typically performed for diagnostic 
purposes on infants, children, or adults when UPD is 
suspected. Prenatal testing is indicated when confined 
placental mosaicism is detected. In addition to the clarity
a diagnosis brings in most situations, genetic counseling
and risk assessments for disorders caused by UPD are
greatly affected because recurrence risks are quite differ-
ent in UPD situations. The recurrence risk for UPD is 
negligible (<1%) except for that caused by the presence of
balanced translocations carried by a parent (perhaps
unknown to the parent). Recurrence risks in these situa-
tions may be as high as 25%. Uniparental disomy testing
after an observation of confined placental mosaicism also

Table 6-3. Recessive Disorders Associated with UPD

Parent of 
Disorder Chromosome Origin

Junctional epidermolysis bullosa 1 M, P
Chédiak-Higashi syndrome 1 M
Pycnodysostosis 1 P
Congenital pain insensitivity 1 P

with anhidrosis
5-alpha-reductase deficiency 2 P
Abetalipoproteinemia 4 M
Spinal muscular atrophy 5 P
Methylmalonic acidemia 6 P
21-hydroxylase deficiency 6 P
Complement deficiency 6 P
Cystic fibrosis 7 M
Osteogenesis imperfecta 7 M
Congenital chloride diarrhea 7 P
Lipoprotein lipase deficiency 8 P
Leigh syndrome 9 M
Cartilage hair hypoplasia 9 M
β-thalassemia 11 M
Retinoblastoma 13 P
Rod monochromacy 14 M
Bloom syndrome 15 M
α-thalassemia 16 P
Familial Mediterranean fever 16 P
Hemophilia X P
Duchenne muscular dystrophy X M

Sources: References 8, 10.
M, maternal; P, paternal.

Table 6-4. Disorders Associated with Imprinted Genes

Maternal or 
Disorder/Phenotype Gene(s) Locus Paternal UPD

Transient neonatal IGF2R 6q25–q27 Paternal
diabetes mellitus

Russell-Silver PEG1/MEST 7q32 Maternal
syndrome

Beckwith- IGF2, H19, 11p15 Paternal
Wiedemann P57KIP2,
syndrome KVLQT

Maternal UPD14 
syndrome  unknown 14 Maternal
(precocious
puberty/
short stature)

Paternal UPD14 
syndrome unknown 14 Paternal
(abnormal
thorax, short 
stature)

Prader-Willi SNRPN, 15q11–q13 Maternal
syndrome ZNF127,

FZN127,
IPW, NDN,
PAR1,
PAR5

Angelman UBE3A 15q11–q13 Paternal
syndrome

Intrauterine unknown 16 Maternal
growth
retardation

Sources: References 8, 10.
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allows informed reproductive choices or may prepare
parents for the birth of an affected child.

UPD involving most chromosomes does not cause
obvious abnormalities related to imprinting defects, as
only a few chromosomes (6, 7, 11, 14, and 15) are known to
contain genes that undergo imprinting. Of these, mater-
nally imprinted genes are present on chromosomes 7, 14,
15 and 16, while paternally imprinted genes are contained
on chromosomes 6, 11, 14, and 15. Maternally imprinted
genes also are suspected, but not confirmed, to be present
on chromosomes 2 and 16. No cases are known of either
maternal or paternal UPD for chromosomes 3, 12, 18, or 19.
In addition, neither paternal UPD for chromosomes 4, 9, or
10, nor maternal UPD for chromosomes 5 or 11, has been
reported. Paternal UPD for both the X and Y chromosomes
together can only be heterodisomic, of paternal origin, and
detected when a paternal X-linked recessive disease is
inherited from the father. For many chromosomes, too few
examples have been observed to determine a possible phe-
notype related to UPD.

Available Assays

When UPD is suspected, confirmatory testing is based on
detection of polymorphic DNA markers in both parents
and the child (Figure 6-2). The markers of choice typically
are single nucleotide polymorphisms (SNPs), di-, tri-,
or tetranucleotide repeat polymorphisms (short tandem
repeats [STRs], microsatellites), or variable number of
tandem repeats (VNTRs, minisatellites). These natural
variants occur throughout the human genome, and char-
acterized DNA markers are available for all chromosomes.

While DNA markers can be detected by several labora-
tory techniques, almost all use PCR amplification to
produce sufficient material for analysis. Normal biparental
inheritance will result in one of each parental allele for each
DNA marker being present in the offspring. Uniparental
disomy is present when no alleles are detected from one
parent. When no paternal markers are detected, resulting
from maternal UPD, paternity can be confirmed by using
DNA markers from other chromosomes. Once a marker
identifies UPD, additional markers in the chromosomal
region can be used to fully explore potential segmental
hetero- or isodisomy.

Interpretation of Test Results

DNA marker analysis has a sensitivity approaching 100%,
if sufficient markers are informative. However, with the
large number of available DNA markers for each chromo-
some, finding informative markers usually is only a matter
of using higher marker density. Segmental disomy may
potentially be missed if it involves a chromosomal region
that coincidentally is not investigated. The specificity of
DNA marker analysis should be 100%, assuming the
markers have been correctly mapped to the appropriate
chromosome.

Because meiosis I nondisjunction occurs more fre-
quently than meiosis II nondisjunction, heterodisomy will
be detected more often than isodisomy. The centromeric
regions of heterodisomic homologues nearly always retain
heterozygous regions but, crossing over in distal segments
may result in homozygosity or heterozygosity. Therefore,
informative DNA markers from the centromeric region will
be heterozygous, but more distal markers may be het-
erozygous or homozygous due to recombination events.
Isodisomy results in homozygous markers near the cen-
tromere, while more distal markers may be heterozygous
(partial isodisomy) or homozygous (complete isodisomy).
Isodisomy for one chromosomal segment and heterodis-
omy for another is not uncommon and results from
meiotic recombination. In addition, UPD may be detected
in only one chromosomal segment in juxtaposition to seg-
ments inherited biparentally due to mitotic recombination.
Thus, it is important to study markers located near the cen-
tromere as well as more distal markers to fully clarify the
origins of UPD.

Laboratory Issues

While UPD is readily detected by DNA marker analysis,
both parents may not be available for testing. In such cases,
analysis of one parent and the child still may be successful
for identification of UPD for a particular chromosome. For
example, if a mother-child pair is analyzed, the absence of
maternal alleles suggests paternal UPD for a specific chro-
mosome, while the converse situation is true with a father-

M C
a b

P M C P

Figure 6-2. DNA marker analysis for isodisomy and heterodisomy. Polyacrylamide gel
electrophoresis of a DNA marker indicating typical patterns found when maternal isodi-
somy (a) or heterodisomy (b) occurs. Parental patterns are opposite if paternal UPD is
present (not shown). Autoradiographic signals were produced using PCR incorporating
a radioactive label. Maternal DNA is designated as “M,” paternal DNA as “P,” and DNA
from their child with UPD as “C.” (a) Maternal isodisomy is indicated by the absence of
paternal alleles and the presence of a single maternal allele in the child. (b) Maternal
heterodisomy is indicated by the absence of paternal alleles and the presence of both
maternal alleles in the child.
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child pair. Markers from other chromosomes may be used
to confirm parentage.

In addition to UPD, absence of DNA marker alleles
inherited from a parent may arise as the result of sub-
microscopic chromosome deletion. Fluorescent in situ
hybridization (FISH) analysis is used to confirm micro-
scopic deletions in cases where multiple DNA markers
from the same chromosome indicate an absence of marker
contribution from one parent in one chromosomal
segment yet the presence of normal biparental inheritance
in another segment. Routine chromosome analysis (kary-
otyping) should be used to rule out large deletions as part
of a full patient study.

Commercial kits are not available for DNA marker analy-
sis of all chromosomes. However, oligonucleotide primers
for amplification of marker loci easily can be synthesized
and obtained from numerous companies.Depending on the
disorder, cell lines and DNA from patients with specific
UPD-associated disorders may be available from the Coriell
Cell Repositories (http://coriell.umdnj.edu/). Although
proficiency testing for Prader-Willi and Angelman syn-
dromes is available, to date no proficiency test is available
specifically to assess proficiency in UPD testing.

PRADER-WILLI AND ANGELMAN SYNDROMES

Molecular Basis

Prader-Willi syndrome (PWS) and Angelman syndrome
(AS) are neurodevelopmental disorders caused by a variety
of genetic abnormalities involving the proximal part of
the long arm of chromosome 15 (q11–q13). Within a 2
megabase (Mb) domain, gene expression depends on the
parent of origin resulting from imprinting. Several genes
defined above in the region (SNRPN [small nuclear ribonu-
clear protein N], ZNF127, IPW, PAR1, PAR5, PW71,
NECDIN) are expressed exclusively from the paternal chro-
mosome in all tissues studied, whereas another gene,
UBE3A (ubiquitin-protein ligase E3A), is expressed only
from the maternal chromosome in brain but has biparental
expression in other tissues. Evidence suggests that PWS is
caused by loss of expression of one or more of the C/D box
small nucleolar RNAs (snoRNAs) encoded within the
SNRPN locus.11 On the other hand, AS results from loss of
expression of UBE3A, which is involved in the ubiquitina-
tion pathway targeting certain proteins for degradation.12

Imprinting of genes in this domain is coordinately con-
trolled by a bipartite imprinting center (IC) overlapping
the SNRPN promoter and extending 35 kb upstream. Flank-
ing the imprinted region and approximately 4 Mb apart are
several low-copy repeats derived from an ancestral HERC2
gene and other sequences that predispose the region to
chromosomal rearrangement by unequal crossing over.

All the genetic mechanisms identified in PWS interfere
with the expression of paternally expressed genes in the
15q11–q13 domain.13 Approximately 70% of PWS patients

have a 4 Mb deletion of the paternal chromosome
15q11–13, which occurs sporadically through unequal
crossing over. Maternal UPD for chromosome 15 accounts
for about 20% of PWS and is usually the consequence of
abnormal chromosome segregation during meiosis. In 1%
to 5% of cases, microdeletions (6 to 200 kb) that include the
IC or epigenetic changes in the IC occur and are inherited
in an autosomal dominant manner. Such defects result 
in both maternal and paternal copies of genes in the
imprinted domain having a maternal imprint and therefore
lacking expression of the paternally inherited genes.
Finally, about 1% of patients have translocations or other
structural abnormality involving chromosome 15, which
result in deletion or maternal UPD of the 15q11–q13
region.

Four different genetic mechanisms have been identified
in 85% to 90% of AS patients, and all cause loss of UBE3A
expression.14 A 4 Mb deletion of the maternal chromosome
15q11–q13 region occurs sporadically in about 65% to 70%
of cases due to unequal crossing over, as occurs in PWS.
Paternal UPD has been detected in about 3% to 5% of
patients and is also due to abnormal segregation of chro-
mosome 15 in meiosis. Approximately 7% to 9% of AS
patients have an imprinting defect that results from
microdeletions of the IC or epigenetic changes in the IC.
Such defects cause lack of expression of the maternally
inherited UBE3A gene in brain because both maternal and
paternal copies have a paternal imprint. Point mutations in
the UBE3A gene (mostly truncating mutations) are found
in 4% to 11% of AS patients.15 Approximately 10% to 15%
of patients with a clinical diagnosis of AS have no
identifiable chromosomal or molecular abnormality. It is
thought that these patients have some undetected abnor-
mality that affects the UBE3A gene or have a mutation in
another gene in the ubiquitination pathway.

Clinical Utility of Testing

Diagnostic Testing

Prader-Willi syndrome is a disorder with many manifesta-
tions related to hypothalamic insufficiency. The major 
features include infantile hypotonia, hypogonadism,
dysmorphic appearance, small hands and feet, hyperpha-
gia and obesity, developmental delay and MR, and charac-
teristic behavior such as temper outbursts, rigidity, and
repetitive thoughts and behavior. In infancy, the differen-
tial diagnosis includes neuromuscular disorders associated
with hypotonia such as congenital myotonic dystrophy. The
differential diagnosis in children and adults includes dis-
orders with MR and obesity such as Bardet-Biedl, Cohen,
and fragile X syndromes as well as acquired hypothalmic
injury.

AS is characterized by microcephaly, gait ataxia, seizures,
severe speech impairment, severe development delay or
MR, and characteristic behavior, such as inappropriate
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laughter and excitability. The differential diagnosis in
infancy includes cerebral palsy, inborn errors of metabo-
lism, mitochondrial encephalopathy, and Rett syndrome.
Infants with AS sometimes have been clinically misdiag-
nosed as PWS because of hypotonia, feeding difficulties, and
developmental delay, or because the distinctive features of
AS are not apparent until later in development.

Prenatal Testing

The risk of recurrence and the type of prenatal testing vary
according to the chromosome or molecular defect found in
the proband. For this reason, prenatal diagnosis should 
be undertaken only after the genetic mechanism in the
proband has been determined and the parents have
received genetic counseling. A low risk of recurrence is
associated with PWS and AS due to a deletion or UPD, if
the parents’ chromosomes are normal; however, prenatal
testing may be offered for reassurance. Since mosaicism
has been reported in mothers of AS patients with UBE3A
mutations, prenatal testing should be offered even if the
mother is negative for a mutation. Prenatal testing is also
appropriate for families without a child with PWS or AS if
a deletion of chromosome 15q11–q13 is suspected on chro-
mosome analysis of CVS or amniotic fluid, if trisomy 15 is
noted on CVS but a normal karyotype is found on amni-
otic fluid, and if a de novo chromosome 15 translocation
or supernumerary marker chromosome is found by 
karyotyping.

Testing Parents and Other Family 
Members of a Proband 

Parents of patients with deletions, specifically fathers of
PWS patients and mothers of AS patients, should have
chromosome and FISH analysis to determine whether they
carry balanced subtle chromosome rearrangements or
deletions not expressed as an abnormal phenotype in that
parent. Chromosome analysis also is appropriate for
parents of patients with UPD combined with a Robertson-
ian translocation to determine whether the translocation is
inherited or de novo. Parents also should be tested for
mutations that are identified in the proband such as IC
deletions or UBE3A mutations. If a parent of a PWS or AS
patient is a carrier of a mutation or a chromosomal translo-
cation, then the siblings of that parent should be offered
testing.

Available Assays

Clinical molecular testing for PWS and AS includes the
molecular assessment of the parent-specific imprint within
the 15q11–q13 region. Methylation, which is involved in the
process of genomic imprinting, has been demonstrated for
several of the genes in the imprinted domain, including

SNRPN. Standard molecular techniques for the methyla-
tion analysis at the CpG island in exon α of the SNRPN gene
include (1) double-digest Southern blot analysis using a
methylation-sensitive enzyme such as Not I along with a
methylation-insensitive enzyme such as Xba I,16 (2) PCR
following either Not I or McrBC digestion with primers for
the SNRPN promoter, and (3) methylation-specific PCR
based on modifying DNA with bisulfite, which converts all
unmethylated cytosines to uracils, followed by amplifica-
tion using primers specific for the unmethylated and
methylated alleles.17 The assessment of SNRPN expression
by reverse transcription–PCR (RT-PCR) also may be used
for the diagnosis of PWS.

For the purpose of genetic counseling, once the diagno-
sis of PWS or AS is established by abnormal methylation
or SNRPN expression testing, further tests should be per-
formed to determine the genetic mechanism responsible
for the disorder. FISH of metaphase chromosomes using
the probes SNRPN for PWS and either SNRPN or D15S10
for AS will detect the 4 Mb deletion in the majority of
patients. For patients without a deletion, DNA marker
analysis should be used to detect UPD. Using specimens
from both parents and the affected child. Mutations of the
IC account for the remaining PWS patients and some of the
AS patients, and referral may be made to a research labo-
ratory for further investigation. Patients with an AS phe-
notype but normal methylation should be assisted to have
testing by a clinical laboratory offering mutation analysis
of UBE3A.

Interpretation of Test Results

If the methylation pattern or methylation-specific
amplification is characteristic of only maternal inheri-
tance, then the diagnosis of PWS is confirmed. If the
methylation pattern or methylation-specific amplification
is characteristic of only paternal inheritance, then the diag-
nosis of AS is confirmed (Figure 6-3). Methylation assays
detect all cases of PWS and AS caused by deletions, UPD,
and IC defects; however, such assays will not detect the rare
small deletions not involving the SNRPN locus or UBE3A
mutations. While the methylation assays cannot differenti-
ate among the various mechanisms producing PWS and
AS, 99% of PWS patients and approximately 78% of AS
patients will be detected. Approximately 50% of the
remaining patients with an AS phenotype have mutations
in UBE3A, which are identified by single strand conforma-
tion polymorphism (SSCP) analysis and sequencing.

Two different approaches for the laboratory diagnosis of
PWS and AS may be used.18 The first is to start with an
analysis of parent-specific methylation of SNRPN. A
pattern consistent with biparental inheritance rules out
PWS and most cases of AS. If the diagnosis of PWS or AS
is confirmed by methylation analysis, FISH and DNA
marker analysis should be performed to determine
whether the cause is a deletion, a UPD, or an IC defect. The
second approach takes into account that deletions are the
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most common cause of PWS and AS. It may be preferable
to perform FISH analysis first if the patient is an older child
or adult with classic features of PWS or AS. Methylation
analysis is appropriate if a deletion is not detected. In the
case of abnormal methylation, UPD studies using DNA
markers should be performed to determine whether UPD
is the cause. For either approach, if UPD is not present, then
referral to a clinical laboratory for mutation analysis of
UBE3A should be considered for patients with an AS phe-
notype. For patients suspected to have PWS, referral to a
research laboratory for further molecular investigation of
an IC defect should be considered.

Laboratory Issues

If the etiology of developmental delay or MR in a patient is
unknown, DNA analysis should be performed as part of a
comprehensive genetic evaluation that includes routine
cytogenetic analysis (karyotyping). Cytogenetic abnormal-
ities, including unbalanced translocations and deletions,
have been identified in individuals referred for testing for
PWS or AS.Although it is not necessary for every laboratory
to provide all testing methodologies, a smooth progression
through the various testing types may be necessary to deter-
mine the genetic mechanism causing PWS or AS, and is
facilitated if the laboratory is able to perform at least DNA
methylation, UPD, and FISH analyses. If sequencing of the
UBE3A gene is necessary, testing may be referred to a clini-
cal laboratory offering this test. Mutation analysis of the IC
is available only on a research basis.

The SNRPN probe for Southern blot analysis is available
from American Type Culture Collection (http://www.atcc.

org). Many laboratories use laboratory-developed testing
methods for methylation-sensitive PCR or RT-PCR analy-
sis. Oligonucleotide primers for amplification of marker
loci for UPD analysis can be synthesized or obtained com-
mercially. FISH probes are available from two commercial
sources (Cytocell, Inc, and Vysis, Inc). Patient control cell
lines may be purchased from the Coriell Cell Repositories
(http://coriell.umdnj.edu/). The proficiency tests for
molecular genetics provided by the CAP include specimens
for PWS and AS testing.

RETT SYNDROME

Molecular Basis

Rett syndrome is an X-linked neurodevelopmental disor-
der that almost exclusively affects females. In the classic
form of the disease, affected girls appear to develop 
normally until the age of 6 to 18 months followed by a 
characteristic pattern of regression, which includes 
deceleration of head growth leading to acquired micro-
cephaly, autistic features, loss of speech and purposeful
hand use, irregular breathing patterns, stereotypical hand
wringing, and seizures.19 The frequency of classic Rett syn-
drome is approximately 1 in 15,000 females. Since the gene
responsible for Rett syndrome was identified in 1999,
however, a broader range of clinical phenotypes have been
associated with mutation of this gene. The gene is MECP2
on chromosome Xq28, which encodes the methyl-CpG-
binding protein 2.20 MECP2 binds preferentially to methy-
lated DNA via its methyl-CpG-binding domain (MBD), and
silences transcription by recruiting corepressor complexes
through its transcriptional repression domain (TRD).
Instead of serving as a global transcriptional repressor, as
initially speculated, protein expression studies suggest that
MECP2 may have a specialized role in neuronal matura-
tion. The neuropathological findings in Rett syndrome of
individuals with brains indicate that arrested neuronal
development is an underlying feature of this disorder.21

Clinical Utility of Testing

Independent studies have confirmed MECP2 as the major
causative gene for Rett syndrome by the identification of
multiple pathogenic mutations in approximately 95% of
classic cases. Approximately 85% of classic Rett patients
have point mutations and small rearrangements within the
coding region; more recently, large gene rearrangements
involving MECP2 were identified in ~10% of classic cases.22

Mutations also were found in atypical mild variant cases
and in severe early-onset variant cases of Rett syndrome.
MECP2 mutations also have been identified in rare affected
males with variable phenotypes ranging from neonatal-
lethal encephalopathy and a Rett syndrome–like pre-
sentation in mosaic or Klinefelter males, to males with
uncharacterized MR. In addition, MECP2 mutations were

4.2 kb

0.9 kb

Figure 6-3. Southern blot analysis of PWS and AS. The methylated 4.2 kb (maternal)
and the unmethylated 0.9 kb (paternal) fragments generated using Xba I and Not I are
detected by the DNA probe SNRPN. Normal individuals exhibit a biparental inheritance
pattern (lanes 1 and 4), whereas patients with PWS show a pattern of only maternal
inheritance (lane 2) and patients with AS show a pattern of only paternal inheritance
(lane 3).
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documented in patients with an AS-like presentation and
in patients with autistic phenotypes. The variability in 
phenotypic severity observed in individuals carrying an
MECP2 mutation can result from allelic heterogeneity, as
well as the X-inactivation pattern in females.21 Given the
spectrum of neurodevelopmental phenotypes associated
with MECP2 mutations, the clinical utility of molecular
testing is significant.

Available Assays

The MECP2 gene is composed of four exons, which give rise
to two distinct MeCP2 isoforms.23 Given the gene structure
and mutation profile for MECP2, diagnostic testing for Rett
syndrome is recommended to begin with analysis of the
entire MECP2 coding region (exons 1 through 4) by 
mutation scanning or DNA sequencing. One strategy for
mutation scanning is denaturing high performance liquid
chromatography (DHPLC), wherein sequence variants that
give rise to heteroduplex DNA molecules can be detected
with a high degree of sensitivity (95% to 100% under 

optimized conditions). The specificity of DHPLC is low,
however, which requires that positive results be confirmed
by DNA sequencing to identify the exact nucleotide
change. The use of DHPLC coupled with sequencing has
identified multiple recurrent and novel MECP2 muta-
tions of different types (missense, nonsense, splice-site,
frameshifting deletions, and insertions).24 Figure 6-4 shows
representative data for DHPLC and DNA sequence analy-
ses, demonstrating a heterozygous nonsense mutation in
the MECP2 gene (880C→T, R294X). This represents one of
the more common truncating mutations seen in Rett syn-
drome patients. Sequencing is largely considered the gold
standard for point mutation detection. Approximately 85%
of classic Rett syndrome patients have mutations that are
detectable by mutation scanning or sequencing of the
MECP2 gene, which is performed by clinical molecular lab-
oratories (http://www.genetests.org/).

To increase overall mutation detection for the MECP2
gene, additional testing is available for large MECP2 gene
rearrangements, present in approximately 10% of classic
Rett patients. Deletions, insertions, or duplications involv-
ing all or part of the MECP2 gene have been identified by
dosage-sensitive DNA testing methods. The classic South-
ern analysis method has been used to detect copy number
differences corresponding to deletions or duplications of
specific MECP2 exons, with detection of associated junc-
tion fragments in some cases. Alternative methods for
dosage-sensitive analysis of the MECP2 gene include mul-
tiplex ligation-dependent probe amplification (MLPA;
MCR Holland, the Netherlands) or quantitative real-time
PCR analysis.

Laboratory Issues

One of the issues encountered in sequence-based clinical
testing is the interpretation of novel sequence variations,
particularly alleles of uncertain pathogenic significance. A
valuable resource for laboratories and referring clinicians
is provided by the American College of Medical Genetics
(ACMG), which has issued recommended standards for
interpretation of sequence variations (ACMG Laboratory
Practice Committee Working Group 2000; policy statement
available at http://www.acmg.net/).25 Another issue per-
taining to Rett syndrome DNA testing at the current time
is the value of two-tier testing (e.g., sequencing followed by
dosage analysis) to provide comprehensive mutation
analysis of the MECP2 gene. Identification of the mutation
in the proband facilitates prenatal testing in subsequent
pregnancies. The majority of MECP2 point mutations are
new mutations of paternal origin, with low recurrence risk.
Prenatal testing is recommended for fetuses of mothers
who are identified to carry a point mutation or large
rearrangement in the MECP2 gene. In cases where the
mother is not a carrier, prenatal testing may be sought for
parental reassurance due to rare reports of gonadal
mosaicism. The current focus on point mutation analysis
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Figure 6-4. (a) Identification of a heterozygous sequence variation in the MECP2 gene
by DHPLC analysis. Elution profiles of MECP2 exon 4 PCR products corresponding to the
wild-type (red and green) and the mutant (yellow) sequences are shown. (b) Identifica-
tion of the corresponding MECP2 nonsense mutation by DNA sequencing. A single base
change of C to T at nucleotide 880 is identified (N), which predicts an arginine to stop
substitution at residue 294 of the MeCP2 protein (880C→T, R294X).
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within the coding region by sequence analysis does not
rule out potential mutations in regulatory elements or
other important noncoding regions of the MECP2 gene.
Ideally, barriers to increased uptake of MECP2 clinical
testing may be addressed by improvements in genotype-
phenotype correlations, assay design, and clinical services.
With the accumulation of additional genetic information
and the development of improved DNA technologies,
appropriate enhancements can be incorporated into clini-
cal testing of the MECP2 gene for Rett syndrome.

WILLIAMS SYNDROME

Molecular Basis of Disease

Williams syndrome (WS), also referred to as Williams-
Beuren syndrome, is an autosomal dominant disorder that
occurs in approximately 1 in 10,000 to 20,000 live births
(Online Mendelian Inheritance in Man [OMIM; database
online] #194050). Clinical diagnosis is based on the pres-
ence of characteristic dysmorphic facial features, growth
delay, abnormalities of connective tissue, cardiovascular
disease, developmental delay, an outgoing personality type,
and a unique cognitive profile of specific mental strengths
and weaknesses. A less-frequent finding is hypercalcemia
in the first year of life.26

Approximately 95% to 99% of individuals with WS have
complete deletion of one copy of the elastin gene (ELN)
located in chromosome region 7q11.23.26 The most
common form of deletion in WS extends well beyond ELN
in both the 3′ and 5′ directions and results in hemizygos-
ity for genes contained in approximately 1.5 Mb of DNA.
The common deletion segment is flanked by repetitive
DNA sequences, or “duplicons,” that serve as agents for
chromosomal rearrangements. This is achieved by creating
an opportunity for misalignment of the chromosome 7
homologs during meiotic pairing. Unequal recombination
then may yield deletion and duplication products, and in
this case, deletion of the 1.5 Mb region between the dupli-
cons results in WS. Deletion also may occur as a result of
intrachromosomal rearrangements, and the deletion may
involve either the maternal or paternal chromosome 7.
These repeats also mediate an inversion of this region,
which may result in an increased risk for the WS-causing
deletion.27

At least 17 genes have been identified in the 1.5 Mb dele-
tion region;27 however, there is clear evidence for only one
of the genes in the pathogenesis of WS. Supravalvular
aortic stenosis (SVAS) and peripheral pulmonary artery
stenosis are the most common forms of cardiovascular
disease in WS. Elastin contributes to the elasticity of tissues
such as skin and arteries, and is a major component of the
aorta. There is strong evidence that abnormal elastin pro-
duction is responsible for the arterial disease of WS.26 Point
mutations and intragenic deletions of the elastin gene have
been associated with an autosomal dominant form of

SVAS. Humans and mouse models hemizygous for ELN
show that reduced elastin production produces a compen-
satory increase in lamellar units in response to increased
wall stress during development. This results in the obstruc-
tive vascular disease of SVAS.28 Hemizygosity for ELN also
may contribute to the other connective tissue abnormali-
ties of WS, such as hernias, hoarse voice, joint laxity, and
premature aging of the skin.26

Evidence for a role of other genes in the clinical aspects
of WS is less clear. LIMKI, a tyrosine kinase that is
expressed in the brain during embryogenesis, may be
involved in the cognitive portion of the WS phenotype.26,29

Clinical Utility of Testing

Demonstration of deletion of the elastin gene is used to
confirm a clinical diagnosis of WS. This deletion is not
visible by routine or high-resolution chromosome analy-
sis. Most cases occur sporadically; however, there have
been rare cases of multiple affected siblings. Affected indi-
viduals have a 50% chance of passing the deletion on to
their offspring, and the deletion can be detected prenatally.

Available Assays

FISH is the most commonly used testing method for diag-
nosis of WS. The analysis is performed with a DNA probe
containing a full-length copy of the ELN gene. Metaphase
chromosome preparations from cultured peripheral blood
lymphocytes are hybridized with the probe, and the
7q11.23 region of both chromosomes 7 are analyzed for the
presence or absence of a hybridization signal. The assay
generally includes a second probe, either for the cen-
tromere or a more distal locus on chromosome 7, to serve
as an internal hybridization control.

Quantitative PCR can be used to assay the ELN copy
number; however, there is no significant clinical or cost
benefit to PCR over FISH. Whenever available, FISH is the
preferred method for assessing genomic copy number
because of the value gained by assessing individual cells.
FISH testing for WS is usually ordered in conjunction with
karyotyping, as other chromosome abnormalities may be
part of the differential diagnosis. Addition of FISH testing
requires no additional specimen and can be performed on
fixed cell pellets after karyotyping is completed. In addition,
although it is extremely rare, there have been reports of
visible chromosome rearrangements that may result in dis-
ruption of the WS region, that would not be detected by PCR.

Interpretation of Test Results

Approximately 95% to 99% of individuals with a WS phe-
notype have complete deletion of the ELN gene, and a FISH
assay with the ELN gene probe will detect all of these cases.
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FISH analysis will not detect the ELN mutations that are
commonly found in nonsyndromic SVAS; thus, the spe-
cificity for the test with respect to WS is very high.
Nevertheless, it is possible that a rare ELN deletion in an
individual with SVAS but without WS may be detected by
FISH. As in all genetic disorders, the laboratory result must
be interpreted in the context of the individual’s complete
clinical presentation. Conversely, a negative result should
suggest reevaluation of the clinical diagnosis of WS.

Laboratory Issues

The FISH test is performed by cytogenetics laboratories,
which routinely process cultured cells.Probes for WS testing
are commercially available (sources include Cytocell,
Inc, and Vysis, Inc). These probe sets are classified by the US
Food and Drug Administration (FDA) as analyte specific
reagents. Recommendations for test validation methods
have been established by the ACMG (http://www.acmg.
net/). Proficiency testing for FISH analysis of microdeletion
disorders, such as WS, is available through the CAP.

SUBTELOMERIC DISORDERS

Molecular Basis of Disease

Genetic imbalance caused by a chromosome abnormality
frequently results in some form of developmental delay and
one or more of the following: abnormal growth, dysmor-
phic facial features, and congenital abnormalities. Duplica-
tions or deletions of very small chromosomal segments are
often difficult or impossible to detect by routine or high-
resolution chromosome analysis. Though small relative to
larger and thus more readily visible rearrangements, these
imbalances nonetheless frequently result in an abnormal
phenotype due to the resulting imbalance of multiple genes
within the affected segment(s).

The subtelomeric region of each chromosome arm is
located between the telomere, the functional chromosome
cap, and more proximal chromosome-specific sequences.30

Subtelomeric regions and their adjoining chromosome-
specific areas are of particular clinical interest for several
reasons. They are particularly gene-dense regions, and
shared homology within these segments may facilitate rel-
atively frequent recombination events that may result in
loss or gain of genetic material.31 This suggests that genetic
imbalances in these regions may have considerable clinical
consequences. Additionally, the majority of all chromo-
some abnormalities involve imbalance for, or movement of,
a segment that contains a subtelomeric locus. Thus, testing
panels have been designed to assess the genomic copy
number of arm-specific loci within or near the subtelom-
eric regions of each chromosome for identification of
imbalances that are not readily detected by standard chro-
mosome analysis methods.

Clinical Utility of Testing

Because developmental delay is a frequent finding in chro-
mosomal imbalance, the main focus for these assays has
been in studies of individuals with idiopathic mental retar-
dation (IMR). An average of 6% of individuals with IMR
have an imbalance that involves one or more distal chro-
mosomal segments.32 Based on these data, subtelomeric
testing is the next logical step following a normal routine
or (ideally) high-resolution karyotyping study, for individ-
uals whose phenotype suggests an underlying chromoso-
mal etiology. Subtelomeric panel testing is not routinely
used for prenatal diagnosis at this time due to constraints
of the test methodologies and to potential limitations in
test interpretation in the absence of a well-defined pheno-
type (see Interpretation of Test Results section below).

Available Assays

Telomere FISH tests of metaphase chromosome prepara-
tions are currently in use in clinical laboratories. The test
is also referred to as a “telomere panel” or “telomere
testing,” as it is the telomeric or distal end of the chromo-
some that is assessed. The test utilizes a complete set of
chromosome arm-specific probes for loci that are within
several hundred kilobases of their respective telomeres.33

The short arms of the five acrocentric chromosomes are
not included since they contain only repetitive sequences,
and imbalance of these regions has no clinical conse-
quence. Regions of homology exist for the terminal ends of
Xp and Yp, and also for Xq and Yq; therefore, one set of
probes hybridizes to both sex chromosomes. This leaves a
minimum number of 41 probes needed for complete analy-
sis. The test uses standard FISH methodology in which two
or more probes are grouped together into one reaction
mixture by using different probe colors, and multiple
hybridizations are carried out with each group of probes
for one complete test (Figure 6-5).

Research surveys have used PCR analysis of genetic
markers, such as VNTRs or STRs, on DNA samples. A dis-
advantage to this method is that it requires parental DNA
samples, which are not always available. STR analysis is
more amenable to automation than the FISH assay, and
could ultimately be less costly; however, it is more likely to
yield false-positive results because of the presence of
sequence polymorphisms.32 The FISH method is more
labor-intensive and requires actively dividing cells, but can
also determine the position of each signal. This has par-
ticular benefit in detecting reciprocal translocations,
because a de novo balanced translocation could generate
an abnormal phenotype through gene disruption.

A recently introduced testing method uses comparative
genomic hybridization (CGH) with subtelomeric FISH
probes in a microarray format. The microarray contains
bound subtelomeric probes that are hybridized with patient
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DNA labeled in one color, and a control DNA labeled in a
second color.Significant deviation from a 1 : 1 hybridization
ratio indicates an area of imbalance in the patient’s DNA.All
probes can be assessed on a single chip from one DNA spec-
imen, without the need for cultured cells or parental
samples, and with the potential for automation.

Interpretation of Test Results

FISH tests have had the widest usage in clinical laborato-
ries. The individual probe sensitivities and specificities are
generally very high. One caveat is that the exact origin of
an imbalance that involves an additional Xp/Yp or Xq/Yq
subtelomeric signal cannot be determined without addi-
tional analysis because of the shared homology within
these regions. In general, the FISH test is able to detect any
imbalance of a segment that contains a probe locus.
Because this test has been in clinical use for only a few
years, its level of specificity is less certain.

An abnormal result in a proband should ideally be
confirmed by FISH analysis with a second probe for the
same region. Follow-up performance of a targeted FISH
analysis on parental chromosomes to determine whether
the imbalance in the proband is due to an inherited
rearrangement is very important for genetic counseling. A
significant proportion of abnormalities detected by sub-
telomeric assays are familial in nature, and these cases may
have significant risk for recurrence. Reports of families in
which identical abnormal signal patterns have been found
in a clinically abnormal proband and a clinically normal
parent provide a note of caution for interpretation of results.
Such findings may indicate locus polymorphisms, imbal-
ances for which there are no obvious clinical significances,
or imprinted areas in which the parent of origin determines
the clinical consequence of the imbalance.

Some abnormalities detected by this assay fall into cate-
gories of well-described deletion or duplication syn-
dromes. Other cases may represent unique situations in
which the abnormality consists of a derivative chromo-
some containing imbalances from two different chromoso-
mal segments. The clinical literature regarding the
phenotypes associated with small subtelomeric imbalances
is rapidly expanding; however, it must be remembered that
this assay does not determine the size of the imbalance.
Two individuals with identical abnormal hybridization pat-
terns may have very different phenotypes due to differ-
ences in the extent of genetic imbalance.

Laboratory Issues

Two commercial sources for FISH probes are currently
available (suppliers are Vysis, Inc, and Cytocell, Inc). A
CGH-based microarray test system also is commercially
available (Vysis, Inc). The FISH probe sets are classified by
the FDA as analyte-specific reagents. Recommendations for
FISH test validation methods have been established by the
ACMG (http://www.acmg.net/). Proficiency testing is not
available for subtelomeric FISH testing; however, the CAP
does provide proficiency testing for other types of FISH
assays.
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Chapter 7
Neuromuscular Diseases
Thomas W. Prior

nus, while the amino-terminal domain interacts with actin
or an actin-like protein.

By immunochemistry, dystrophin localizes to the cyto-
plasmic face of the muscle cell membrane and at postsy-
naptic membrane specializations in neurons. Dystrophin
makes up only 0.002% of total muscle protein but up to 5%
of the membrane skeleton. Dystrophin is found in skeletal
muscle, smooth muscle, cardiac muscle, and brain. There
are slightly different forms of dystrophin messenger RNA
(mRNA) in different tissues due to different transcription
start sites and alternative splicing. The function of dys-
trophin is not known for certain, but proposed functions
for the protein include important roles for the organization
and stabilization of the sarcolemma and in protecting
muscle fibers from contraction-induced injury. Patients
with DMD have very little or no detectable dystrophin,
whereas BMD patients have an altered size and/or quantity
of dystrophin.6 However, the disease etiology may be more
complex than a simple loss of dystrophin, because several
of the dystrophin-associated proteins that interact with
dystrophin also are absent. The dystrophin-associated 
proteins may be directly involved with the calcium flux in
the dystrophic fibers. Thus, the loss of dystrophin may be
the first of many steps that ultimately lead to muscular 
dystrophy.

Utilizing complementary DNA (cDNA) probes derived
from the 14 kb mRNA and multiplex polymerase chain
reaction (PCR) analysis, approximately 65% of the
DMD/BMD cases are due to deletions in the dystrophin
gene.7,8 The deletions are nonrandomly distributed and
occur primarily in the center (~80%) and less frequently
near the 5′ end (~20%) of the gene. The 200 kb region 
covering intron 44, exon 45, and intron 45 is the major 
deletion breakpoint region of the gene. The majority of the
larger deletions initiate at the 5′ end of the gene.

There is no apparent correlation between the size or
location of the deletion and the severity and progression
of the disease. One of the largest deletions (35 exons)
identified is in a mild BMD patient. Furthermore,
sequences deleted in DMD patients often overlap with
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DUCHENNE AND BECKER 
MUSCULAR DYSTROPHIES

Molecular Basis of Disease

Duchenne and Becker muscular dystrophies (DMD and
BMD) are X-linked, allelic, neuromuscular diseases char-
acterized by progressive muscular weakness and degener-
ation of skeletal muscle. Duchenne muscular dystrophy is
the most common X-linked recessive lethal disease, with 
an incidence of approximately 1 in 3,500 newborns, and
approximately one third of cases are the result of new
mutations.1,2 Affected children are usually wheelchair
bound by the age of 12 years. As the disease progresses,
contractures increasingly develop, leading to asymmetrical
spinal deformities. Most patients die at about 20 years of
age due to pneumonia related to chronic respiratory insuf-
ficiency. The allelic disorder BMD has a milder clinical
course and slower disease progression. Becker muscular
dystrophy has been estimated to occur approximately one
tenth as frequently as DMD, with an incidence of about 1
in 35,000. The majority of BMD patients initially experi-
ence difficulties between 5 and 15 years of age, although an
onset in the third or fourth decade or even later can occur.
By definition the affected patients remain ambulatory until
16 years of age or later, thus allowing clinical distinction
from patients with DMD.

The DMD gene is the largest human gene isolated, span-
ning more than 2000 kilobases (kb) of genomic DNA, and
is composed of 79 exons that encode a 14 kb transcript,
which is translated into a protein named dystrophin.3,4

Dystrophin is a 427 kilodalton (kDa) cytoskeletal protein
consisting of 4 domains: (1) an amino terminus that asso-
ciates with actin or an actin-like protein, (2) a rod domain
consisting of long, flexible rows of 24 alpha helical repeats,
(3) a cysteine-rich region, and (4) a unique carboxy termi-
nus.5 Dystrophin has been shown to be tightly associated
with a large oligomeric complex of sarcolemmal glycopro-
teins through its cysteine-rich domain and carboxy termi-
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deletions in BMD patients. However, it was proposed that
if a deletion disrupts the translational reading frame of the
dystrophin mRNA triplet codons, then little or no dys-
trophin will be synthesized, resulting in the more severe
disease, DMD.9 In the milder disease, BMD, the deletion
maintains the translational reading frame, and a partially
functional protein is produced. The reading frame hypoth-
esis explains the phenotypic differences observed in 
about 92% of the DMD/BMD cases. One major excep-
tion to the reading frame hypothesis has been the
identification of BMD patients with an out-of-frame dele-
tion of exon 3 through exon 7. An alternate splicing mech-
anism or new cryptic translational start site may account
for the production of an altered dystrophin protein and the
milder phenotype in these patients. A small number of
DMD patients with in-frame deletions have also been
identified. The more severe phenotype in these patients
may be due to the overall effect of the deletion on the
protein conformation or may be the result of mRNA 
instability. Phenotypic variability has even been observed
in several patients who share identical gene deletions.
Deletion of exon 45, the most commonly observed DMD
deletion, has also been associated with the BMD pheno-
type. Some genetic variability may be due to other mole-
cules involved in destruction of damaged muscle fibers, in
muscle regeneration, or in the cellular response to differ-
ent hormones.

The large gene size, particularly of the introns, which
average 35 kb, may account for part of the high deletion
rate; however, in addition to size, other factors must be
involved. The observed nonrandom deletion pattern may
reflect domain-associated variation in chromosomal sta-
bility. For instance, complications related to the mainte-
nance of replication, correct transcription, and proper
splicing of such a large gene may play an extremely impor-
tant role.

Partial gene duplications have been identified in 5% to
8% of patients. Unlike the deletion distribution, approxi-
mately 80% of the duplications are located at the 5′ end of
the gene and only 20% in the central gene region. Out-of-
frame duplications occur in DMD patients and in-frame
duplications in BMD patients, thus suggesting that the
reading-frame genotype-phenotype hypothesis also holds
true for duplications.

Small mutations (point mutations and small deletions
and duplications) in the dystrophin gene also have been
identified in DMD patients.10 The majority of these muta-
tions have been unique to individual patients and have
resulted in a truncated dystrophin protein lacking part or
all of the C-terminus. The truncated proteins are presum-
ably unstable, and little or no dystrophin is produced.
Therefore, these types of mutations provide little informa-
tion on structural/functional relationships in the dys-
trophin protein. The identification of DMD mutations that
do not cause protein truncation may provide us with
further insight into the function of dystrophin, as well as

defining the essential regions and conformations necessary
for dystrophin stability. A DMD missense mutation was
found in the actin-binding domain.11 The patient was
shown to have correctly localized dystrophin, thus indicat-
ing that an intact actin-binding domain is essential for
function. The distribution of small mutations is fairly
random throughout the gene sequence. However, whereas
less than 5% of the gene deletions are found upstream of
exon 55, more than 40% of the small mutations are located
in this same region of the gene.12

Clinical Utility of Testing and 
Available Testing

The most important impact of DNA testing for DMD/BMD
has been on presymptomatic diagnosis and the correct
diagnosis of patients with DMD/BMD-like symptoms, as
well as for carrier detection and prenatal diagnosis. The
western immunoblot is the most sensitive test for the diag-
nosis of DMD or BMD, but requires a muscle biopsy from
the patient. Proteins from the muscle biopsy specimen are
separated by electrophoresis, transferred to a membrane,
and incubated with antibodies against specific dystrophin
domains. Dystrophin from unaffected patients is 427 kDa
in size. The complete absence of dystrophin is very specific
for the diagnosis of DMD, whereas the presence of an
altered molecular weight form or reduced amount of dys-
trophin, or both, is consistent with BMD. It must be empha-
sized, however, that the clinical diagnosis and phenotype
predictions should never be made exclusively on the basis
of dystrophin western blot analysis. Patients with markedly
reduced dystrophin levels may have the milder BMD phe-
notype. Furthermore, western blot analysis is generally not
sensitive enough to detect female carriers.

Southern blot analysis using a full-length dystrophin
cDNA clone as a probe detects 65% of deletions in affected
DMD/BMD patients, as well as gene duplications. The
cDNA probes detect the site of the mutation, so meiotic
recombination events are irrelevant. Therefore, the chance
of diagnostic error is greatly reduced. Diagnostic strategies
are based on initially identifying deletions in the affected
patient.13 The deletions are simply detected by examination
of Southern blots for the presence or absence of each exon
containing genomic restriction fragments, which hybridize
to the cDNA probe. However, Southern blot analysis
requires the use of a radioisotope, is labor intensive, and is
time-consuming.

Before performing Southern blot analysis with the DMD
cDNA probes, most laboratories perform an initial deletion
screen using multiplex PCR14 to amplify specific deletion-
prone exons within the DMD gene. Deletion of specific
exons from a patient’s sample results in absence of the 
corresponding ethidium bromide–stained amplification
products by gel electrophoresis analysis (Figure 7-1). Mul-
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tiplex PCR, using primer sets for about 20 different exons,
detects approximately 98% of the deletions in the DMD
gene. In contrast to Southern blot analysis, which may
require several cDNA hybridizations and take several
weeks to complete, multiplex PCR testing can be completed
in one day. This makes the technique ideal for prenatal
diagnosis, when time is critical.

The identification of a deletion in a DMD patient not
only confirms the diagnosis but also allows accurate carrier
testing for other family members. Carrier status is deter-
mined by gene dosage analysis, which is used to assess
whether a female at risk of being a carrier exhibits no
reduction or 50% reduction in band intensity in those
bands that are deleted for the affected male relative. A 50%
reduction (single-copy intensity) for the deleted band or
bands on the autoradiograph indicates a deletion on one of
her X chromosomes and confirms her carrier status. Either
Southern blot or quantitative PCR can be used for gene
dosage analysis. Dosage determinations permit direct
carrier analysis and eliminate the inherent problems of
Southern blot analysis without gene dosage (recombina-
tions, noninformative meioses, unavailability of family
members, and spontaneous mutations). This is important
since unlike affected males, carrier females are generally
asymptomatic, and creatine phosphokinase (CPK) is ele-
vated in only approximately two thirds of known carriers.

In 35% of families with undefined mutations, linkage
analysis using microsatellite markers must be used for
carrier detection and prenatal diagnosis. Microsatellite
markers, which correspond to short tandem repeats (di-,
tri-, or tetranucleotides) and tend to be highly polymor-
phic in repeat number, have been found in several locations
in the DMD gene and have significantly improved linkage
analysis for DMD/BMD.15 The method relies on the co-
inheritance of the disease gene with those DNA microsatel-
lite sequence variations known to be located within the
disease gene. Thus, even when the responsible gene muta-
tion remains unknown, the linkage technique allows the
mutation to be traced through an affected family for pre-
diction of carrier or disease risk.

Interpretation of Test Results

The analysis of gene mutations and protein determinations
has greatly improved diagnosis, carrier detection, and 
prenatal counseling. The multiplex PCR deletion test will
confirm the clinical diagnosis in approximately 65% of
affected DMD and BMD patients. A major advantage of the
Southern blot analysis is the detection of an additional 5%
to 8% of patients with duplications. The standard multiplex
PCR test detects deletions but not duplications. However, if
there is any question of the diagnosis after negative results
by deletion and duplication molecular testing, western blot
analysis of the dystrophin protein should be performed on
a muscle biopsy specimen.

When gene dosage testing indicates that the mother does
not have the deletion present in the affected child, she still
has an uncertain risk of carrier status, due to the possibil-
ity of germline mosaicism.16 Cases of germline mosaicism
in DMD have been reported, in which a deletion is trans-
mitted to more than one offspring by a mother who shows
no evidence of the mutation in her somatic cells. Cases of
germline mosaicism have important counseling implica-
tions. First and most obvious is the need to perform carrier
studies on all female siblings of affected males, regardless
of the outcome of testing for the mother. Furthermore, a
negative deletion result in a mother does not rule out a
recurrence risk for future pregnancies, and prenatal diag-
nosis still should be offered. The exact recurrence risk in
germline female carriers is unknown because the risk is
related to the size of the mutant clone in the mosaic
mother. However, in these cases the recurrence risk for sub-
sequent pregnancies is significantly increased relative to
what had initially been perceived as a new mutation with
a low recurrence risk. It has been estimated that mothers
of apparently sporadic DMD cases have an approximate
15% recurrence risk in future pregnancies.

Linkage analysis can provide valuable information but is
limited by the possibility of recombination between the
polymorphic marker and the unknown mutation, the pres-
ence of sporadic mutations, and unavailability of family
members. The intragenic recombination rate over the
entire length of the DMD gene is estimated to be as high
as 12%. The high recombinational error rate can be par-
tially overcome by using microsatellite markers through-
out the gene. Linkage analysis results often are extremely
limited for extended family members of isolated cases of
DMD/BMD, due to the possibility of the occurrence of a
new mutation. Linkage analysis indicates only whether the
female at risk inherited the same X chromosome as the
affected male, not whether she is a carrier of a defective
gene. Furthermore, since the gene mutation remains
unidentified, a correct clinical diagnosis is essential. This
is extremely important with patients presenting with the
milder BMD, since this phenotype can overlap with other
neuromuscular disorders.

1 2 3

– Exon 45
– Exon 19
– Exon 8

– Exon 13
– Exon 47

Figure 7-1. Multiplex DNA amplification of DMD exons 8, 13, 19, 45, and 47. Lane 1:
normal control; lane 2: DMD patient with exon 13 deletion; lane 3: DMD patient with
exon 8 and 13 deletions.
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Laboratory Issues

Today, there are many laboratories offering dystrophin-
deletion testing. Most laboratories use multiplex PCR, and
amplify 16 to 23 deletion-prone DMD exons. Since the dele-
tion hotspot is from exon 44 to exon 53, more exons are
amplified in this region. Although the 5′ deletions are gen-
erally larger,it is important for laboratories to amplify about
every third or fourth exon at the 5′ end of the gene; other-
wise, smaller deletions are missed. The multiplex strategies
are a deletion test and will not detect duplications.Although
Southern blot analysis is both costly and labor-intensive,
duplications will be detected. Unlike the deletion distribu-
tion, duplications are found in about 5% to 8% of the
patients and are located primarily at the 5′ end of the gene.
The identification of duplications is important both for the
confirmation of the diagnosis and for accurate carrier
studies for other family members. When laboratories
encounter challenging nondeletion types of cases,Southern
blot analysis should be performed. Proficiency testing for
both DMD deletion testing and carrier testing is offered
through the College of American Pathologists (CAP), and
proficiency specimens are sent to participants twice per
year.

MYOTONIC DYSTROPHY

Molecular Basis of Disease

Myotonic dystrophy (DM) is the most common inherited
form of muscular dystrophy affecting adults, having an
incidence of approximately 1 in 8,000 individuals. DM is an
autosomal dominant, multisystem disorder characterized
by progressive muscle weakness and myotonia. The diag-
nosis can be problematic because of the wide range and
severity of symptoms. Often, affected individuals have chil-
dren before they are diagnosed. A severe congenital form
of DM results in mental retardation, respiratory distress,
hypotonia, and in many cases death due to respiratory
complications shortly after birth. The congenital form is
seen in the offspring of women who are themselves mildly
affected.17 The clinical genetic phenomenon of anticipation
occurs in DM. Anticipation denotes progressively earlier
appearance of a disease in successive generations, gener-
ally with increasing severity.

The DM mutation has been characterized as an unstable
trinucleotide repeat present on chromosome 19q13.3.18–20 A
polymorphic CTG repeat ranges in size from 5 to approxi-
mately 30 repeats in the normal population. Mildly affected
patients have 50 to 80 repeats, whereas more severely
affected individuals have more than 1,000 repeats. The
number of repeats varies between affected sibs and
increases through generations in parallel with an increas-
ing severity of the disease. Expansion of the CTG repeat
between generations accounts for the clinical genetic anti-
cipation phenomenon.

The CTG repeat is located within the 3′ untranslated
region of the DMPK gene that encodes a protein kinase,
named myotonin protein kinase. Since protein kinases are
involved in signal transduction pathways in all cells in the
body, a defective protein kinase may explain how a single
gene defect could result in the diverse symptoms charac-
teristic of DM. However, since the repeat is not in the
protein coding region of DMPK, the molecular mechanism
by which the mutation exerts its dominant expression is
difficult to explain. A study using quantitative reverse 
transcription–PCR (RT-PCR) and a radioimmunoassay
demonstrated that decreased levels of mRNA and protein
expression are associated with the adult form of DM,21 sug-
gesting that the dominant nature of DM is likely the result
of a dosage-dependent mechanism. However, in another
report, expression studies on samples from congenital DM
cases demonstrated marked increases in the steady-state
levels of the DMPK mRNA.22 In contrast to a reduction of
myotonin kinase, the authors proposed that the effect of
the mutation would be a nonregulated hyperphosphoryla-
tion of kinase substrate by high levels of myotonin kinase.

Another possible disease mechanism is that the repeat
expansion affects the expression of other genes in the
region. Since the CTG expansion is located in the 3′-
untranslated region of the gene, downstream gene expres-
sion, like that of DM locus-associated homeodomain
protein (DMAHP) may be downregulated. Finally, other
studies have suggested a novel type of pathogenic mecha-
nism in which the DMPK mRNA with long CUG repeats,
and not the protein, results in the pathology. Novel RNA-
binding proteins that specifically bind to CUG repeats may
be depleted by excessive CUG repeats, or abnormalities in
these proteins may disrupt the metabolism of DMPK
mRNA and other transcripts. Further studies are necessary
to define precisely the mechanism by which the repeat
expansions cause the DM disease symptoms.

Clinical Utility of Testing and 
Available Testing

The majority of clinically significant mutations can be
identified by Southern blot analysis; however, PCR is essen-
tial for small CTG expansions (<100 repeats). Although the
PCR test is less expensive and faster than Southern blot
analysis, longer repeats often are not reliably amplified.
Southern blot analysis can be performed using Hind III
restriction digestion and the probe pMDY1,19 which spans
the repeat area (Figure 7-2). The probe pMDYI detects a
Hind III polymorphism with normal alleles of 9.5 and 
8.5 kb, the frequencies of which are approximately 0.60 and
0.40, respectively. The polymorphism is due to a 1 kb inser-
tion telomeric to the CTG repeat, and is almost in complete
linkage disequilibrium with the CTG repeat mutation in
most populations.20 The mutation is found on the larger 
9.5kb allele, suggesting that there were a limited number
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of ancestral mutations that occurred on a chromosome
having the 1kb insertion. Alternatively, the larger allele
may be predisposed to DM mutations. Typical increases in
the range of 1 kb to 4 kb are observed on Southern blots in
the DM population. Many of the larger expansions are
detected as smears, indicating somatic cell heterogeneity of
the expanded alleles. Molecular testing is extremely helpful
in identifying individuals who are asymptomatic or exhibit
equivocal symptoms, such as cataracts. These smaller
expansions are often detected using alternate digestions,
which reduce the normal size fragment, such BamH I, or
by PCR amplification across the repeat region. De novo
mutations have not been described in DM, which is con-
sistent with the linkage disequilibrium data. To account for
the maintenance of the mutation in the population, it was
proposed that in DM families there is a high incidence of
minimally expanded alleles, which produce few symptoms
and are stably transmitted over several generations.23

Therefore, for counseling purposes, it becomes important
to identify in which side of the family the mutation is seg-
regating.

Several cases of reverse mutations have been reported 
in DM, whereby there is a spontaneous correction of a 
deleterious expansion mutation upon transmission to an
unaffected offspring. The mechanism for the DM reverse
mutations remains unknown. A gene conversion mecha-
nism, whereby the normal parental allele replaces the
expanded allele, may best account for the reversion events
in DM. The reversions may provide an explanation of the
nonpenetrance observed in some DM families.

Interpretation of Test Results

The discovery of an expanded repeat sequence in DM has
greatly improved our ability to confirm the diagnosis in
symptomatic patients, to detect DM carriers who are
asymptomatic or who show few of the classical signs 
of the disease, and for prenatal testing when a parent 
has been diagnosed with the disorder. Although closely
linked restriction fragment length polymorphism (RFLP)
markers were available for several years, linkage analysis is
not as accurate as direct DNA testing for the mutation,

especially when there is an uncertain diagnosis or when
key family members are unavailable for testing. Also,
linkage test results provide no information regarding the
severity of the disease. Molecular testing has largely
replaced muscle biopsy, muscle enzyme study, and elec-
tromyography as the first diagnostic procedure.

The triplet repeat size does correlate with muscular dis-
ability and is inversely related with the age of onset of the
disease. However, there is a significant overlap of repeat
size in patients with differing severity. When unrelated
affected individuals with small to moderate differences 
in repeat sizes are compared, accurate prediction of the
severity of the disease in each case is generally difficult.
However, when a child has a significant increase in allele
size compared to the parent, the child will almost certainly
become symptomatic at an earlier age of onset and will
have more severe disease. Lastly, as a result of the somatic
heterogeneity observed in DM, genotype/phenotype asso-
ciations derived from leukocytes may not be as accurate as
the measurement of the repeat size in the affected tissue
(muscle, heart, others). CTG expansions may be 2- to 13-
fold greater in the DNA isolated from skeletal muscle than
in the DNA from leukocytes.24

Laboratory Issues

There are many molecular pathology laboratories offering
DNA testing for DM. The majority of laboratories are using
a combination of PCR and Southern blot testing. The 
PCR allows accurate quantitation of the number of CTG
repeats for normal alleles and those with small expansions.
For the large CTG expansions, Southern blot analysis is
required. All patients with DM have a CTG expansion in
the 3′ region of DMPK, and no other types of mutations
have been identified in the gene. However, the gene for the
rarer dominantly inherited myotonic dystrophy type 2
(DM2), which usually results in a more proximal myotonic
myopathy and some of the multisystem manifestations of
myotonic dystrophy, has been identified.25 Myotonic dys-
trophy type 2 is caused by a very large CCTG expansion in
intron 1 of the zinc finger protein 9 gene (ZNF9). Gene
testing for DM2 should be considered in patients with a
DM-like phenotype who have a negative test for the DMPK
CTG expansion. Proficiency testing for DM is available
through the CAP, and proficiency specimens are sent to
participants twice per year.

SPINAL MUSCULAR ATROPHY

Molecular Basis of Disease

The autosomal recessive disorder proximal spinal muscu-
lar atrophy (SMA) is a severe neuromuscular disease char-
acterized by degeneration of alpha motor neurons in the
spinal cord, which results in progressive proximal muscle
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Figure 7-2. Autoradiogram of a Southern blot for myotonic dystrophy. Normal alleles
are 8.5 and 9.5 kb. Lanes 1, 2, and 5: unaffected individuals; lanes 3 and 4: expanded and
normal alleles in DM patients with repeat expansions.
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denervation and atrophy resulting in the symptoms of
weakness and paralysis. Spinal muscular atrophy is the
second-most common fatal autosomal recessive disorder
after cystic fibrosis, with an estimated prevalence of 1 in
10,000 live births.26 Childhood SMA is subdivided into
three clinical groups on the basis of age of onset and clin-
ical course. Type I SMA (Werdnig-Hoffmann disease) is
characterized by severe, generalized muscle weakness and
hypotonia at birth or within the first three months after
birth. Death from respiratory failure usually occurs within
the first two years of life. Children affected with Type II
SMA are able to sit, although they cannot stand or walk
unaided, and survive beyond four years of age. Type III
SMA (Kugelberg-Welander syndrome) is a milder form,
with onset during infancy or youth, and patients may walk
unaided.

The survival motor neuron (SMN1) gene has 9 exons and
is the primary SMA-causing gene.27 Two almost identical
SMN genes are present on 5q13: the telomeric, or SMN1,
gene that is the SMA-determining gene, and the cen-
tromeric, or SMN2, gene. The SMN1 gene exon 7 is deleted
in approximately 94% of affected patients, while small,
more subtle mutations have been identified in the major-
ity of the remaining affected patients. Deletions of other
genes in the SMA region most likely mark the extent of the
deletion and may modify the severity of the disease.
Although mutations of the SMN1 gene are observed in the
majority of patients, no phenotype-genotype correlation
was observed, because SMN1 exon 7 is absent in the major-
ity of patients independent of the type of SMA. This is
because routine diagnostic methods do not distinguish
between a deletion of SMN1 and a conversion event
whereby SMN1 is replaced by a copy of SMN2. Several
studies have shown that the SMN2 copy number influences
the severity of the disease.28–30 The number of SMN2 gene
copies varies from 0 to 3 copies in the normal population,
with approximately 10% of unaffected individuals having
no gene copies of SMN2. However, milder patients with
type II or III SMA on average have more gene copies of
SMN2 than do type I SMA patients. It has been proposed
that the extra SMN2 gene copies in the more mildly affected
patients arise through gene conversions, whereby the
SMN2 gene is copied either partially or totally into the
telomeric SMN1 locus.

Five base pair differences exist between SMN1 and SMN2
transcripts, and none of these differences change amino
acids. Since virtually all individuals affected with SMA have
at least one SMN2 gene copy, the obvious question that
arises is, Why do individuals with SMN1 mutations have an
SMA phenotype? The SMN1 gene produces predominately
a full-length transcript, whereas the SMN2 copy produces
predominately an alternate, exon-7-deleted product. The
inclusion of exon 7 in SMN1 transcripts and exclusion 
of this exon in SMN2 transcripts is caused by a single
nucleotide difference at +6 in SMN exon 7. Although the C-
to-T change in SMN2 exon 7 does not change an amino
acid, it does disrupt an exonic splicing enhancer (ESE),

which results in the majority of transcripts lacking exon 7.
Furthermore, the importance of the exon 7 region was 
suggested by Talbot et al.31 by demonstration that a highly
conserved tyrosine-glycine (Y-G) dodecapeptide motif
is encoded by this exon region and is crucial for the
oligomerization and function of the SMN protein. There-
fore, SMA arises because the SMN2 gene cannot completely
compensate for the lack of SMN1 protein function when
the SMN1 gene is mutated. However, the small amounts of
full-length transcript generated by SMN2 are able to
prevent in utero lethality due to a complete lack of SMN1
protein, and produce a milder type II or III phenotype
when the copy number of SMN2 genes and transcripts is
increased.

Recent evidence supports a role for SMN in small
nuclear ribonuclearprotein (snRNP) biogenesis and func-
tion.32 The SMN protein is required for pre-mRNA splic-
ing. Immunofluorescence studies using a monoclonal
antibody to the SMN protein have revealed that the SMN
protein is localized to novel nuclear structures called
“gems,” which display similarity to and possibly interact
with coiled bodies, which are thought to play a role in the
processing and metabolism of small nuclear RNAs.
SnRNPs and possibly other splicing components require
regeneration from inactivated to activated functional
forms. The function of SMN is in the reassembly and 
regeneration of these splicing components. Mutant SMN,
such as that present in SMA patients, lacks the splicing-
regeneration activity of wild-type SMN. SMA may be the
result of a genetic defect in spliceosomal snRNP biogene-
sis in motor neurons. Consequently, the motor neurons of
SMA patients are impaired in their capacity to produce
specific mRNAs and as a result become deficient in proteins
that are necessary for the growth and function of these
cells.

Clinical Utility of Testing and 
Available Testing

The molecular diagnosis of SMA consists of the detection
of the absence of exon 7 of the SMN1 gene (Figure 7-3).
Although this is a highly repetitive region and there is the
almost identical centromeric SMN2 copy of the SMN1 gene,
there is an exonic base pair difference that allows distinc-
tion of PCR products of SMN1 from those of SMN2
using restriction-site generating PCR (RG-PCR) followed
by restriction enzyme digestion. The absence of detect-
able SMN1 exon 7 in SMA patients is being utilized 
as a powerful diagnostic test for SMA, with a sensitivity 
of approximately 94%. Limitations of this diagnostic 
test are the inability to detect nondeletion mutations of
SMN1 and the inability to determine carrier status for
SMA.

Since SMA is one of the most common lethal genetic dis-
orders, with a carrier frequency of 1 in 40 to 60, carrier
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testing is useful to many families. Carrier detection for the
heterozygous state is technically challenging because the
SMA region is characterized by the presence of many
repeated elements. The SMN gene is present in two almost
identical copies, SMN1 and SMN2. However, the SMN2 gene
copy number fluctuates: approximately 5% of normal indi-
viduals lack the SMN2 copy, whereas many of the more
mildly affected SMA patients have three or more copies of
SMN2. Thus, a straightforward dosage assay using the
SMN2 gene as the internal control would not be reliable,
and the copy number of SMN2 affects the efficiency of
amplification of the SMN1 exon 7 region. Quantitative PCR
assays, using alternative internal controls, are used for the
identification of SMA carriers and determine the number
of copies of SMN1 and SMN2 genes.28,33

Interpretation of Test Results

The presence of SMN1 exon 7 does not entirely exclude a
diagnosis of SMA. Although the absence of both copies of
the SMN1 gene is a very reliable and sensitive assay for the
majority of SMA patients, about 6% of affected patients
have other types of mutations in the SMN1 gene that will
not be detected by PCR deletion testing.34 Most of these
patients will be compound heterozygotes, with one SMN1
allele deleted and the other allele with a point mutation or
other small insertion or deletion. If the clinical suspicion
remains high after a negative deletion test, then dosage
carrier testing to determine whether there is a single copy
of SMN1 should be considered. A dosage testing result of
two copies of the SMN1 gene greatly reduces the likelihood
of SMA.

The carrier test has two limitations. The first is the pres-
ence of de novo mutational events in the SMN1 gene. The
de novo mutation rate for this gene has been observed to
be approximately 2%, which is high when compared to
most autosomal recessive disorders.35 The second limita-
tion of the carrier test is the finding of two SMN1 genes on
a single chromosome. The allele frequency of the 2-copy
SMN1 chromosome is approximately 2% in the general
population. The finding of two SMN1 genes on a single

chromosome has serious genetic counseling implications,
because a carrier individual with two SMN1 genes on one
chromosome would have the same dosage result as a non-
carrier with two SMN1 gene copies on each chromosome
5. Approximately 5% of parents of a single affected SMA
child have two SMN1 gene copies by dosage analysis. Thus,
although, the finding of normal dosage significantly
reduces the risk of being a carrier, there is still a recurrence
risk of future affected offspring for individuals with two
SMN1 gene copies. Thus, risk assessment calculations using
Bayesian analysis are essential for the proper genetic coun-
seling of SMA families (see chapter 5).

Laboratory Issues

There are many molecular pathology laboratories offering
testing for the homozygous deletion of SMN1. The major-
ity of laboratories utilize RG-PCR of exon 7 and PCR 
of exon 8 in two separate reactions, with restriction
enzyme digestion to differentiate SMN1 from SMN2 PCR
products, and report results for both SMN1 exons 7 and 8.
Some laboratories only test for exon 7 deletion. Carrier
testing is being offered by a fewer number of laboratories.
Proficiency testing for the homozygous SMN1 deletion is
offered by the CAP. These proficiency specimens are sent
to participants twice per year. External proficiency testing
is not available for dosage carrier testing.

MITOCHONDRIAL ENCEPHALOMYOPATHIES

Molecular Basis of Disease

Mitochondria are semiautonomous replicating cellular
organelles with their own genetic material. Each mito-
chondrion contains multiple copies of the mitochondrial
DNA genome (mtDNA), with replication, transcription,
and translation machineries separate from the cellular
machineries for these functions. Human mtDNA encodes
13 polypeptides of the respiratory chain subunits, 28 
ribosomal RNAs (rRNAs), and 22 transfer RNAs (tRNAs)
in a circular double-stranded genome of approximately
16.5 kb.

Unlike nuclear DNA, in which each cell contains pairs of
chromosomes, one of maternal and the other of paternal
origin, mtDNA is inherited exclusively from the mother.
This type of transmission is called maternal inheritance.
Although both sexes are equally affected by mitochondrial
diseases, inheritance of the disorder is from the mother.
Mitochondrial mutations are often present in only some of
the mtDNA molecules of a cell (heteroplasmy). Hetero-
plasmy occurs because mitochondria segregate randomly
into daughter cells during mitosis, which results in cells
containing both mutant and wild-type mtDNA. Thus, the

1 2 3 4

SMN1

SMN2

Figure 7-3. Restriction enzyme digestion of RG-PCR products distinguishes SMN1 from
SMN2 exon 7 PCR products. Lanes 1 and 3: normal controls with SMN1 present and SMN2
deletion; lanes 2 and 4: SMA patients with SMN1 deletion and SMN2 present.
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proportion of heteroplasmic mutation may vary widely
between different tissues or even between different cells of
the same tissue. The proportion of mutant to wild-type
mtDNA plays a role in determining the clinical variability
and severity often observed in the mitochondrial disor-
ders. However, the phenoytpe-genotype correlation in the
mitochondrial disorders is complex and is influenced by
age, the type and extent of respiratory chain disruption
caused by the mutation, and the tissue-specific threshold
for the pathogenic effect.

The term “mitochondrial encephalomyopathies” is used
to describe mitochondrial disorders in which both muscle
and the central nervous system (CNS) are affected. These
disorders are multisystemic, with diverse clinical features
due to defects in the mitochondrial function. This chapter
is restricted to those disorders in which the mutation event
involves mtDNA, in contrast to the many nuclear genetic
disorders that result in mitochondrial pathology. This
occurs when the nuclear encoded protein functions in the
mitochondria. This chapter discusses Kearns-Sayre syn-
drome (KSS), mitochondrial encephalomyopathy with
lactic acidosis and strokelike episodes (MELAS), and
myoclonic epilepsy with ragged-red fibers (MERRF).

Kearns-Sayre Syndrome

The common features of KSS include progressive external
ophthalmoplegia (PEO), pigmentary degeneration of the
retina, and defects of cardiac conduction.36 The typical
affected patient presents before the age of 20 years with
PEO and pitosis. This is followed by the pigmentary retinal
degeneration and cardiac conduction block. Other features
of the disorder may include ataxia, deafness, dementia, and
diabetes mellitus. The most common type of mutation
found in KSS is a deletion of mtDNA (Figure 7-4), and
almost of all these deletions occur sporadically.37 Approxi-
mately one third of KSS cases are due to a common 4977
bp deletion, which is associated with direct repeats at the
deletion junction. The severity of KSS depends on the
extent of heteroplasmy and the tissue distribution of struc-
turally altered mtDNA. An extreme KSS phenotype occurs
when the frequency of deleted mtDNA in muscle cells is
greater than 85%. In contrast, when lower levels of hetero-
plasmy for the deletion are present, then PEO may be the
only symptom.

Mitochondrial Encephalomyopathy with Lactic
Acidosis and Strokelike Episodes

MELAS patients are usually normal at birth but develop
stunted growth, intermittent vomiting, seizures, and recur-
rent cerebral insults resembling strokes during the first
years of life.38 An episodic course follows, with recurrent
strokelike episodes, only partial recovery, and eventual
deterioration, with death from respiratory failure often
before 20 years of age. Milder adult-onset cases have been
reported. Approximately 80% of all MELAS cases are the
result of an A3243G point mutation in the mtDNA gene
encoding tRNALeu.39 The point mutation alters the normal
structural conformation of the tRNA, thereby impairing
protein synthesis. The A3243G mutation occurs in the het-
eroplasmic state, with variation among different tissue
types. When the mutation is present in greater than 90% of
the mtDNA of the muscle tissue, there is increased likeli-
hood of recurrent strokes and classic MELAS manifesta-
tions. However, when the heteroplasmy of the mutation is
less than 90%, later onset and more moderate symptoms
may occur.

Myoclonic Epilepsy with Ragged-Red Fibers

MERRF is a rare maternally inherited disorder in which the
full expression includes muscle weakness, myoclonus,
generalized seizures, ataxia, and deafness.40 The hallmark
morphologic change seen in the muscle biopsy is the
ragged-red fibers. The term “ragged-red fibers” refers to
large clumps of abnormal mitochondria that accumulate
beneath the sarcolemma and are stained red with the
Gomori trichome stain. The majority of MERRF cases are
the result of a point mutation (A8344G) in the tRNALys gene.
The MERRF mutation, like the MELAS tRNALeu mutation,
diminishes overall mitochondrial protein synthesis.
Similar to the other mitochondrial disorders, a more classic
MERRF phenotype is observed when the mutation is
present at higher levels in the muscle and nerve.

Clinical Utility of Testing and 
Available Testing

The symptoms of the mitochondrial disorders are often
nonspecific and are common to many other neuromus-
cular diseases. As a result, the mtDNA diseases are often
considered only after many other diagnoses have been
excluded. However, genetic testing for mitochondrial dis-
eases is becoming increasingly available. Southern blot
analysis or long-range PCR is used to detect the deletions
observed in KSS. Total DNA used for this testing should be
obtained from a muscle biopsy. Use of a tissue with rapidly
dividing cells, such as blood, will often lead to false-
negative results since the heteroplasmy of deleted mtDNA
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*
Figure 7-4. Autoradiogram of a Southern blot of muscle mitochondrial DNA. Lane 1:
Kearns-Sayre patient with heteroplasmic deletion; lanes 2 and 3: unaffected indi-
viduals. The normal allele is 16.5 kb and the deleted allele fragment is indicated by the
asterisk.
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is shifted toward wild-type mtDNA. PCR-RFLP testing is
used for the common tRNA point mutations found in
MERRF and MELAS. Patients with MERRF have high levels
of the mutant mtDNA in the blood, and therefore blood is
an appropriate specimen for testing. In contrast, patients
with the MELAS mutation often have low levels of the
mutation in the blood, leading to false-negative results
when blood is used for testing.

Interpretation of Test Results

If clinical suspicion is strong and the blood results are neg-
ative, then mtDNA from a muscle biopsy should be tested.
Since the disorders are highly clinically heterogeneous and
there is considerable phenotypic overlap, the classic
MERRF and MELAS point mutations and the KSS deletions
frequently are ordered together and tested as a mitochon-
drial test panel. The A8344G MERRF mutation is associ-
ated with other phenotypes, including Leigh syndrome,
myoclonus or myopathy with truncal lipomas, and proxi-
mal myopathy. The A3243G MELAS mutation can result in
milder phenotypes, including sensorineural deafness with
diabetes. Furthermore, these mutations sometimes are
found in asymptomatic relatives of the index case.

Laboratory Issues

If the common mtDNA mutations are not detected, more
extensive testing for rarer mutations may be useful for
diagnosis. Sequencing of the mtDNA is available from
several specialty laboratories, which may identify a new
mutation. However, since the mtDNA is very polymorphic,
new mutations must be carefully verified.

KENNEDY DISEASE

Molecular Basis of Disease

Spinal and bulbar muscular atrophy (SBMA), or Kennedy
disease, is a rare X-linked, slowly progressive, adult-onset
motor neuropathy.41 The age of onset is usually between 30
and 50 years and is characterized by muscle cramps, prox-
imal and bulbar weakness, and fasciculation. Endocrine
abnormalities, including gynecomastia and testicular
atrophy, are common. The disease is caused by a CAG trin-
ucleotide repeat expansion in the coding region of the
androgen receptor gene (AR).42,43 The CAG repeat found
within the first exon is polymorphic in normal popula-
tions, and ranges in length from 10 to 36 repeats. Patients
with SBMA have a CAG repeat expansion that does not
overlap with the normal population and ranges from 40 to
62 repeats. Similarly to other trinucleotide repeat disor-
ders, the CAG repeat length correlates with disease sever-
ity and age of onset. However, considerable variability in
age of onset is seen among family members with similar

CAG repeat lengths, suggesting that factors other than the
size of the repeat modulate the onset and severity of the
disease.While AR repeats in the unaffected range are stably
transmitted, expanded repeats in SBMA patients are trans-
mitted less stably and tend to increase in size by paternal
transmission.

The pathogenic mechanism of SBMA expansion involves
a gain of a toxic function of the protein product. The
mutant allele is both transcribed and translated, arguing
against a loss of function mechanism. Individuals with
mutations producing a loss of AR protein function have
testicular feminization and do not have the motor neu-
ropathy seen in SBMA patients. The exact mechanism by
which the expanded polyglutamine tract in the AR protein
produces the neuropathy of SBMA is uncertain.

Clinical Utility of Testing and 
Available Testing

Despite distinct clinical features, SBMA is often misdiag-
nosed due to the heterogeneity of manifestations and lack
of full expression in some family members. Many of the
cases are sporadic, and some patients have only mild signs
of motor neuron disease and mild gynecomastia.
Amytrophic lateral sclerosis, type III SMA, hereditary
motor and sensory neuropathy, limb-girdle muscular dys-
trophy, and facioscapulohumeral muscular dystrophy are
included in the differential diagnosis for some patients
affected with SBMA.43 The PCR amplification of the repeat
sequence within the first exon of the AR gene provides an
accurate confirmation of the diagnosis of SBMA, distinct
from other neuromuscular disorders. In addition, carrier
females and young asymptomatic males may be identified
by molecular testing for a repeat expansion with implica-
tions for genetic counseling and potential early treatment.

Interpretation of Test Results

The definitive diagnosis of SBMA is by the analysis of the
CAG repeat in the AR gene. All patients with SBMA have a
CAG repeat expansion, and no other related mutations in
the AR gene have been identified. Some studies have
described a correlation between repeat size and age of
onset, but interfamilial and intrafamilial variation is large
for any given repeat length.

Laboratory Issues

Several molecular pathology laboratories offer DNA
testing for SBMA. The PCR test is accurate and inexpensive
to perform, and requires only a blood sample. PCR with
electrophoretic analysis of the PCR products allows for
accurate assessment of the repeat size. External proficiency
testing is not available for SBMA.
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Chapter 8
Molecular Genetic Testing for Metabolic Disorders
Lisa Edelmann, Yaping Yang, and Ruth Kornreich

deficiency. DNA testing is currently used as a follow-up to an
initial screen for certain disorders, such as MCAD deficiency
and PKU.

This chapter discusses the molecular mechanisms of
disease and the available genetic testing for selected meta-
bolic disorders. The choice of disorders reflects population
prevalence and current availability of molecular testing, as
the mutations in many of the metabolic diseases are genet-
ically heterogeneous and diagnoses are still widely depend-
ent on biochemical testing. However, DNA testing is 
often critical for confirmatory studies, genetic counseling,
carrier and prenatal testing, genotype-phenotype correla-
tion, and is widely used for carrier screening for metabolic
disorders in certain populations that have a high frequency
of specific mutations due to founder effects. As molecular
technologies advance, molecular methods will increasingly
be used to screen for more metabolic diseases.

AMINO ACIDURIAS (PHENYLKETONURIA)

Molecular Basis of the Disease

PKU is an autosomal recessive disorder caused by the
inability of the body to convert phenylalanine to tyrosine.
PKU is the most common metabolic disease in caucasians,
with an incidence of 1 in 10,000 individuals. About 98% of
PKU cases are caused by defects in the phenylalanine
hydroxylase (PAH) gene. The other 2% are caused by
defects in the biosynthesis or regeneration of the cofactor
of PAH, 6(R)-L-erythro-tetrahydrobiopterin (BH4). Accu-
mulation of phenylalanine can damage the development of
the central nervous system and result in MR. PKU has a
spectrum of phenotypes ranging from classic PKU, which
is the most severe type with the least tolerance to dietary
phenylalanine, to moderate PKU, mild PKU, and mild
hyperphenylalaninemia (MHP). Patients with MHP have
no clinical symptoms and do not require dietary treatment.

PKU is included in newborn screening programs in all
50 states and is a classic example of a genetic disease that
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Introduction

Inborn errors of metabolism represent a highly diverse group
of genetic disorders. Individually the disorders are rare. The
most prevalent, phenylketonuria (PKU), affects approxi-
mately 1 in 10,000 individuals. However, because numerous
metabolic disorders exist, collectively they are estimated to
affect as many as 1 in 600 individuals. The clinical conse-
quences of such disorders are broad and can be severe, with
progressive neurological impairment, mental retardation
(MR), organomegaly, and high morbidity. Their mode of
inheritance is usually autosomal recessive but also can be X-
linked. Metabolic disorders result from defects in the indi-
vidual enzymes of pathways that govern many different
aspects of metabolism in distinct compartments within the
cell.

The onset of disease is most often after birth with the
appearance of an apparently normal infant, but in some
classes of metabolic disorders multiple congenital anomalies
also exist. For most metabolic disorders, disease symptoms
present in early infancy or childhood,but in less-severe cases,
adolescent or adult onset may occur. Therefore, early recog-
nition with prompt therapeutic intervention when possible is
critical for reducing damage due to the metabolic defect. For
those diseases that are prevalent and for which early detec-
tion and intervention would have a beneficial outcome,
neonatal screening is performed in the United States and in
several countries around the world. In the United States, each
state and the District of Columbia determine the diseases for
which newborns are screened and the methods used for
screening. With respect to metabolic disorders, all states
screen for PKU and congenital hypothyroidism, and all but
one screen for galactosemia. A number of states screen for
maple syrup urine disease, homocystinuria, biotinidase
deficiency, tyrosinemia, and congenital adrenal hyperplasia,
or some combination of these. Tandem mass spectrometry
has been added to newborn screening programs in many
states and can detect more than 20 metabolic disorders,
including medium chain acyl CoA dehydrogenase (MCAD)
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meets the criteria for newborn screening: relatively high
occurrence, availability of fast and economical screening
methods, and therapeutic options. With early diagnosis
and intervention, including a low-phenylalanine diet, the
major disease phenotypes of mental and growth retarda-
tion can be prevented.

The PAH gene is located on 12q23.2 and spans a genomic
region of 90 kilobases (kb). The coding region is about 4
kb and is comprised of 13 exons. More than 400 mutations
in PAH have been reported to date, most of which are
private mutations (http://www.pahdb.mcgill.ca/). The most
prevalent European mutations, accounting for approxi-
mately two thirds of all mutations, are R408W (31%),
IVS12 +1G→A (11%), IVS10−11G→A (6%), I65T (5%),
Y414C (5%), R261Q (4%), and F39L (2%).1

Clinical Utility of Testing

Molecular diagnosis of PKU serves several purposes,
including prognosis, confirmation of clinical and newborn
screening results, carrier testing, prenatal diagnosis, and
information for genetic counseling. The genotype-
phenotype correlations can be used to direct the degree of
restriction of phenylalanine in the diet (Table 8-1). More-
over, for patients with mild mutations in the BH4 cofactor-
binding region (V190A, R241C, A300S, A313T, E390G,
A403V, and P407S), overloading with BH4 can increase
PAH activity and may be used as an alternative to dietary
restriction.2 Prenatal diagnosis allows for the termination
of an affected fetus or can ensure immediate therapeutic
intervention after birth. Proper genetic counseling assists
parents in making informed decisions.

Available Assays

Several methods are currently used for the molecular
detection of mutations in PAH associated with PKU. These
methods include:

• Testing for a panel of common mutations with a detec-
tion rate of approximately 50%, depending on the
number of mutations included.

• Mutation scanning of all 13 exons and the intron-
exon junction regions. DNA sequencing detects approx-
imately 94% of mutations; however, this method can be
expensive.3 A recently developed system for mutation
scanning, denaturing high-performance liquid chro-
matography (DHPLC), which also has a high detection
rate (~96%) and is more cost-effective than DNA
sequencing,4 may be the method of choice for PKU
molecular testing.

• Finally, when molecular analysis fails to detect one or
both mutant alleles, linkage studies can be performed
and are highly accurate if polymorphic markers within
or very closely linked to the PAH gene are used.

Interpretation of Test Results

The heterogeneity of the clinical phenotypes results mainly
from the great variety of mutations in the PAH gene. Null
alleles eliminate almost all the enzyme’s activity and cause
classic PKU, while mutations with residual PAH activity
result in milder forms. Like many single-gene disorders,
genotype-phenotype correlations exist in most but not all
cases. Environmental factors and/or modifier genes can
also play a role in the clinical manifestations of the disease.
The correlations of the most common mutations and their
biochemical and clinical phenotypes are summarized in
Table 8-1.

UREA CYCLE DISORDERS (ORNITHINE
TRANSCARBAMYLASE DEFICIENCY)

Molecular Basis of the Disease

Defects in the urea cycle constitute a rare group of disor-
ders resulting in the accumulation of urea precursors,
mainly ammonium and glutamine. Ornithine transcar-
bamylase (OTC) deficiency, the most common inborn error
of ureagenesis, is an X-linked disorder. Affected hemizy-
gous males typically present in the neonatal period or later
in childhood, with symptoms that include vomiting,
lethargy, hypothermia, apnea due to hyperammonemia,
and leading to coma or death. Recurrent episodes of meta-
bolic crisis can result in MR. The only available treatment
after an acute metabolic episode is liver transplantation,
which should be performed as early as possible to prevent
brain damage. In 15% to 20% of carrier females, symptoms
of disease are evident. Symptomatic carrier females typi-
cally have later onset but disease also may be fatal, pre-
sumably due to an unfavorable pattern of X-inactivation in
the liver.5

Table 8-1. Genotype-Phenotype Correlations for the Most
Common PAH Mutations

PAH Activity
Mutation Prevalence in COS Cells Phenotype

R408W 31% <1% Classic PKU
IVS12+nt1G→A 11% <1% Classic PKU
IVS10−11G→A 6% Not available Classic PKU
I65T 5% 26% Classic PKU

Variant PKU
Non-PKU PAH

Y414C 5% 50% Variant PKU
Non-PKU PAH

R261Q 4% <30% Classic PKU
Variant PKU

Source: “PAH Activity in COS Cells” and “Phenotype” from the
PAHdb Phenylalanine Hydroxylase Locus Knowledgebase [data-
base online]. Available at: http://www.pahdb.mcgill.ca/.
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OTC is a homotrimeric mitochondrial matrix enzyme
that catalyzes the synthesis of citrulline from ornithine and
carbamyl phosphate, and is found almost exclusively in the
liver and intestinal mucosa. Loss of OTC activity results in
high plasma glutamine and ammonium, low plasma cit-
rulline and an excess of orotic acid in the urine, a combined
metabolic profile that is diagnostic for OTC deficiency.
However, a direct assay of OTC activity performed on
tissue isolated from a liver biopsy specimen is necessary to
obtain unequivocal biochemical results.

The OTC gene is located on Xp21 and spans a region of
73 kb that contains ten exons and encodes a protein of 354
amino acids. The overall prevalence of the disease is esti-
mated at 1 in 50,000 in the United States, with similar sta-
tistics reported in Japan. Mutations have been identified in
all ten exons; however, disease-causing mutations are less
frequent in exons 1 and 7, the least conserved exons, most
likely reflecting their lesser relevance to the function of the
enzyme.6

Clinical Utility of Testing

Diagnosis of OTC deficiency by molecular testing is prefer-
able to the more invasive liver biopsy that is necessary 
for the enzymatic test. Molecular screening for OTC muta-
tions identifies approximately 80% of mutations, while the
remaining undetected mutations are expected to affect
promoter function or splicing.7 The OTC gene has an
approximately 50 : 1 male-to-female mutation ratio, and
80% of male probands inherit the mutation from their
mothers, while only 23% of manifesting females inherit the
mutation. Therefore, any woman who has a son with OTC
deficiency has a 20% a priori risk of having another
affected son in her next pregnancy. Due to the inheritabil-
ity and the severity of the disease with the limited treat-
ment available, molecular screening of at-risk couples for
the purpose of prenatal testing may be beneficial. Addi-
tionally, mutation identification may be of prognostic value
in OTC deficiency (see “Interpretation of Test Results,”
below).

Available Assays

Only a few laboratories in the United States offer clini-
cal molecular genetic testing for OTC deficiency. One
method for mutation screening of the OTC gene is single-
strand conformation polymorphism (SSCP or DHPLC)
analysis of polymerase chain reaction (PCR)-amplified
exons with direct sequencing of any SSCP-positive exons.8

Approximately 230 mutations have been reported
(http://www.cnmcresearch.org/OTC/). Most mutations
(86%) in the OTC gene are point mutations, with G→A
transitions accounting for 34% and C→T transitions
accounting for 21% of the total. Approximately one third of
all point mutations are at CpG dinucleotides, and 15% are

at splice junctions. Although the CpG sites are recurrent
mutation sites, none accounts for more than 4% of the total
single-base substitutions.

Interpretation of Test Results

In general, the genotypic spectrum correlates with the
severity of the phenotype, and mutations that result in
complete loss of function or amino acid changes near the
active site of the protein result in neonatal onset of disease.
In contrast, amino acid changes that are not close to the
active site and result in protein with residual enzymatic
activity are associated with later onset and a milder disease
course.8

LYSOSOMAL STORAGE DISORDERS

Lysosomal storage disorders are a group of diverse inher-
ited metabolic diseases that result from the disruption of
the lysosomal system and catabolism of macromolecules
(for review, see Reference 9). Mutations in genes encoding
hydrolyzing enzymes, activator proteins, lysosomal mem-
brane proteins, or proteins involved in the posttransla-
tional modification or transport of lysosomal proteins can
cause such storage disorders. More than 40 lysosomal
storage disorders are known, and they have a collective
incidence of approximately 1 in 5,000 to 8,000 live births in
the United States. Most of the genes responsible for lyso-
somal storage disorders have been cloned, permitting 
gene mutation testing once a diagnosis is established by
biochemical analyses. This information is valuable for
genotype-phenotype correlation, selection of therapy, and
genetic counseling. In this section, two lysosomal storage
disorders are discussed: Tay-Sachs disease, which serves as
a model for population screening, and Gaucher disease, for
which much effort has been concentrated on genotype-
phenotype correlations.

TAY-SACHS DISEASE

Molecular Basis of the Disease

Tay-Sachs disease (TSD) is a neurodegenerative disorder
resulting from deficiency of the lysosomal enzyme hexo-
saminidase A (HEX A), resulting in accumulation of the 
cell membrane glycolipid GM2 ganglioside within lyso-
somes (for review, see References 10 and 11). The clinical
course of TSD is characterized by normal development for
the first few months of life followed by progressive loss of
motor skills, macrocephaly, seizures, blindness, and death
usually before 4 years of age. Infantile TSD is always fatal,
and there is no effective treatment. There are also later-
onset forms with slower disease progression. TSD is an
autosomal recessive disease and has a carrier frequency of
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approximately 1 in 30 Ashkenazi Jewish individuals and 1
in 250 to 300 in most other populations. Genetic isolates
such as the French Canadians of Quebec, Cajuns from
Louisiana, and the Amish in Pennsylvania also have carrier
frequencies similar to that seen in Ashkenazi Jews. The first
carrier screening programs began in 1970 and used the
measurement of HEX A activity in serum, leukocytes, or
tears. When the HEXA gene encoding HEX A was cloned
in 1987, disease-associated mutations were identified.
Current testing for TSD utilizes both biochemical and
molecular testing by various methods.

Clinical Utility of Testing

Carrier detection for TSD, which began in the 1970s and
was later endorsed by the American College of Obstetri-
cians and Gynecologists (ACOG) and the American College
of Medical Genetics (ACMG), has been a paradigm for 
population screening. As a result, there has been a 90%
reduction in the incidence of TSD in the North American
Ashkenazi Jewish population, such that the incidence of
TSD is now 3- to 4-fold higher in non-Jews by comparison.

Available Assays

Clinical laboratories use several strategies to incorporate
mutation studies into their screening programs. Some lab-
oratories initially screen by enzyme analysis and follow
with mutation studies for individuals with a result in the
carrier or inconclusive ranges, while other laboratories use
DNA studies alone for selected populations. DNA studies
are performed used a variety of methods, including PCR
amplification followed by allele-specific oligonucleotide
(ASO) hybridization or restriction enzyme digestion,
allele-specific amplification, TaqMan probe technologies,
or ligation chain reaction amplification.

In Ashkenazi Jewish individuals, there are two common
mutations in HEXA associated with infantile TSD and one
associated with an adult-onset form of the disease.A 4 base
pair insertion (TATC) in exon 11 accounts for approxi-
mately 80% of mutant alleles in this population, and a
splice defect in intron 12 (IVS12+1G→C) accounts for
another 15%. A missense mutation, G269S, leads to an
adult-onset form of TSD and accounts for approximately
2% of carriers.

Interpretation of Test Results

A pseudodeficiency allele, R247W, is present in approxi-
mately 2% of Ashkenazi Jewish individuals who are carri-
ers by the enzymatic assay. The R247W variant decreases
the activity of HEX A for the artificial substrate used in the
laboratory but does not cause TSD since it does not affect
HEX A activity for its natural substrate, GM2 ganglioside.

About 36% of non-Jewish individuals who are carriers by
enzyme analysis have a pseudodeficiency allele (32%
R247W and 4% R249W). In addition, screening for the
three common Ashkenazi Jewish mutations and an addi-
tional mutation (IVS9+1G→ A) will identify approximately
95% of Ashkenazi Jewish carriers, but only 40% to 50% of
disease-causing alleles in non-Jews. Other populations who
are at high risk, such as the French Canadians, Cajuns, and
Pennsylvania Dutch, have their own common alleles.
Therefore, the mutations included for population screen-
ing must target the specific mutations of the ethnic back-
ground of the individual being tested.

GAUCHER DISEASE

Molecular Basis of the Disease

Gaucher disease (GD) is another prevalent autosomal reces-
sive lysosomal storage disorder that is found with higher
incidence in the Ashkenazi Jewish population. The carrier
frequency is 1 in 18 in this population and 1 in 100 in other
populations12 (for comprehensive review on GD, see Refer-
ence 13). A defect in the enzyme glucocerebrosidase leads
to the accumulation of glucocerebrosides in lysosomal com-
partments in macrophage/monocyte-derived cells, particu-
larly in the liver, bone marrow, spleen, and lung. Several
forms of GD exist. Type 1 GD has a wide range of clinical
presentations, with some patients being asymptomatic, but
can include bone disease, hepatosplenomegaly, anemia, and
thrombocytopenia, but without primary central nervous
system involvement. Types 2 and 3 have primary central
nervous system involvement that varies by age of onset and
rate of disease progression. Type 2 GD patients usually have
an earlier age of onset than type 3 patients, with acute
disease progression and death by approximately 2 years of
age. Type 3 patients have onset in early childhood to ado-
lescence and survive into their first to fourth decade of life.
A perinatal-lethal form of GD also can occur, as well as a
cardiovascular form characterized by aortic and mitral
valve calcification, ophthalmologic abnormalities, and
hydrocephalus.

The glucocerebrosidase gene (GBA) and its transcribed
pseudogene (YGBA) are located on chromosome 1q21.
Almost 200 mutations causing GD have been identified.
Many of the mutations are most likely due to gene conver-
sion events with the pseudogene.

Clinical Utility of Testing

The demonstration of deficient glucocerebrosidase activity
in leukocytes establishes a diagnosis of GD but is unreli-
able for carrier detection. Therefore, molecular genetic
testing is useful for carrier identification, prenatal testing,
and genetic counseling.
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Available Assays

Four mutations (N370S, IVS2+1 G→A, 84GG, L444P) are
responsible for approximately 95% of disease-causing
alleles in Ashkenazi Jewish individuals and 50% of disease-
causing alleles in non-Jewish individuals (Figure 8-1).12

Most laboratories performing GD mutation studies test for
at least these four mutations using standard laboratory
techniques. There are several factors to be aware of when
designing molecular testing for GD. Primers must be
selected that avoid amplification of the pseudogene located
16 kb downstream and approximately 96% identical to the
functional gene (Figure 8-1). Recombinant alleles, which
are thought to have resulted from unequal crossovers
between exons 9 and 10 of the functional gene and pseudo-
gene, contain two or more point mutations, including
L444P. If L444P alone is tested, misdesignation of the geno-
type may occur. This may be important, as the recombinant
allele is typically associated with a more severe genotype.
Mistyping is also possible when a 55 base pair (bp) dele-
tion in exon 9 is present in combination with the common
N370S allele. Homozygosity of N370S would be observed
even though the true genotype is N370S/55 bp deletion.
Therefore, the 55 bp deletion should be analyzed in patients
who are found to be homozygous for N370S.

Interpretation of Test Results

Genotype-phenotype correlations have been widely inves-
tigated in GD.14 While overlaps occur, some generalizations
can be made. The presence of an N370S allele is predictive
of type 1 disease. Individuals with L444P in the presence of
a null allele will usually have type 2 GD, while homo-
zygosity for L444P typically results in type 3 GD. Homo-
zygosity for the D409H allele has been associated with 
the rarer cardiovascular form of GD. The phenotypic vari-
ation observed in GD is due to factors other than genotype

alone, presumably involving the interplay of other genes,
including modifier genes and environmental factors.

DISORDERS OF CARBOHYDRATE
METABOLISM

Galactosemia and the glycogen storage diseases are dis-
cussed in this section, which addresses disorders of carbo-
hydrate metabolism.

GALACTOSEMIA

Molecular Basis of the Disease

Galactosemia is an autosomal recessive disorder caused by
deficient or absent activity of one of three enzymes
involved in the metabolic pathway to convert galactose to
glucose: galactokinase (GALK), galactose-1-phosphate
uridyl transferase (GALT), and UDP-galactose 4′-
epimerase (GALE). The predominant form is classic galac-
tosemia, which is due to a severe reduction or absence of
the GALT enzyme, and has an incidence of 1 in 40,000 to
60,000 in European newborns (for review, see Reference
15).

The symptoms of classic galactosemia in neonates
include poor feeding, vomiting, failure to thrive, lethargy,
jaundice, occasionally diarrhea, and E. coli sepsis. The
symptoms in an affected newborn can be obviated if a
lactose-free diet is initiated within the first two weeks of
life. Newborn screening for galactosemia is included in
most states in the United States. Newborns with a positive
screen are followed up with immediate dietary treatment
and confirmatory biochemical analysis.

The GALT gene is located at 9q13, is about 4 kb in length,
and consists of 11 exons. More than 150 mutations in the
GALT gene have been reported, most of which are private
mutations.16 Q188R is the most frequent mutation associ-
ated with classic galactosemia in many populations, and
accounts for 64% of disease alleles in Europeans, 60% 
to 70% in Americans, and 50% to 58% in Mexican 
Hispanics.16,17 Ethnic-specific mutations include K285N,
S135L, IVS2−2A→G, and a 5 kb deletion in Caucasian,
African American, Hispanic, and Jewish patients, respec-
tively. Due to differing ethnic backgrounds in different
regions of the United States, disease allele prevalence may
vary in different regions of the United States. For example,
Q188R, S135L, K285N, L198P, Y209C, and F171S were
reported to be the most prevalent mutations in a study
based on individuals from the state of Georgia, while
Q188R, K285N, IVS2−2A→G, S135L, and T138M are 
the most common mutant alleles observed in Texas 
newborns.18,19
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Figure 8-1. Exon/intron structure of the GBA gene and the pseudogene copy YGBA.
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Clinical Utility of Testing

Molecular testing is used for confirmation of diagnosis,
carrier detection, prenatal diagnosis, prognosis, and
genetic counseling. Because the detection rate of molecu-
lar testing is less than 100% and biochemical testing is
highly accurate, mutation detection is carried out in paral-
lel with biochemical analysis.

Prenatal diagnosis for galactosemia can provide the
opportunity for immediate dietary restriction of the
newborn. Although galactosemia is considered “treatable,”
symptoms such as mental and growth delays, speech dys-
praxia, abnormal motor function, and premature ovarian
failure in women may still occur even with early interven-
tion and lifetime dietary restrictions. These long-term phe-
notypes are often associated with specific mutations; for
example, Q188R can cause premature ovarian failure and
speech dyspraxia. Genetic counseling is very important for
parents of affected fetuses before a choice regarding preg-
nancy outcome is made.

Available Assays

Initial molecular testing for the diagnosis of galac-
tosemia focuses on the most prevalent mutations or the
N314D mutation associated with Duarte galactosemia
(Duarte-2) by quick and cost-effective methods, such as
multiplex PCR followed by restriction enzyme digestion.18

If only one mutation or no mutations are found, screening
of all 11 exons and exon-intron boundaries by PCR
amplification plus SSCP analysis with confirmation of
positives by DNA sequencing or direct DNA sequencing
alone is performed.18 A detection rate of 96% can be
achieved by a combination of testing for prevalent 
mutations and direct DNA sequencing.19 The remaining
4% of undetected mutations may be due to unknown
sequence changes within intronic regions that affect splic-
ing or in the 5′ or 3′ untranslated regions of the GALT gene
that may affect transcriptional or translational efficiency or
both.

Interpretation of Test Results

Genotype-phenotype associations have been established
for some mutations.16 For example, Q188R, K285N, and
L196P alleles have undetectable GALT activity and are
associated with severe phenotypes, whereas S135L and
T138M are less severe and are usually associated with a
good prognosis. In addition to the classic form of galac-
tosemia, which has less than 5% of the normal GALT activ-
ity, the Duarte-2 variant associated with the N314D variant
has 50% of the normal GALT activity. The N314D allele 
is in linkage disequilibrium with four polymorphisms,
IVS4−27G→C, IVS5−24G→A, IVS5+62G→A, and c.-119_-
116delGTCA. The symptoms of Duarte-2 patients are mild
compared to the classic type, but Duarte-2 still results in
long-term phenotypes such as mental and growth delays,
speech dyspraxia, abnormal motor function, and prema-
ture ovarian failure in women.

GLYCOGEN STORAGE DISEASES

Molecular Basis of the Disease

Glycogen storage diseases (GSD) are a group of heteroge-
neous genetic disorders characterized by the accumulation
of glycogen in tissues. Eight types of GSD that vary
significantly in clinical phenotypes, age of onset, and
affected organs have been identified, with an overall inci-
dence of 1 in 20,000 to 25,000 live births.20 They are caused
by defects in one of eight genes in glycogen metabolism.
Glycogen storage diseases type I to type VII are inherited
in an autosomal recessive pattern, and GSD IX is X-linked
recessive. A summary of the eight GSD types is presented
in Table 8-2. GSD I, II, III, and IV, which are the most
common and severe types, are discussed.

GSD I (von Gierke disease) is characterized by
hepatomegaly, kidney enlargement, growth retardation,
hypoglycemia, hyperuricemia, and hyperlipemia. GSD I has
two major subgroups, GSD1a and GSD1b. The subgroup
GSD1a is caused by deficiency of glucose-6-phosphatase

Table 8-2. Glycogen Storage Diseases

Disorder(s) Defective Enzymes Gene Location Inheritance Pattern

GSD I (von Gierke disease) GSD1a: Glucose-6-phosphatase 17q21 AR
GSD1b: Glucose-6-phosphate translocase 17q23 AR

GSD II (Pompe disease) Lysosomal acid α-1,4-glucosidase 17q25 AR
GSD III (Cori disease) Amylo-1-6-glucosidase 1p21 AR
GSD IV (Andersen disease) Branching enzyme (α-1,4 to α-1,6) 3p14 AR
GSD V (McArdle disease) Phosphorylase (muscle) 11q13 AR
GSD VI (Hers disease) Phosphorylase (liver) 14q21–q22 AR
GSD VII Phosphofructokinase 12q13 AR
GSDIX (GSDVIII) Phosphorylase kinase Xp22 XR
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(G6Pase), which converts glucose-6-phosphate to glucose
and phosphate, the last step in glycogenolysis. The G6PC
gene encoding G6Pase is located on 17q21. The subgroup
GSD1b results from deficiency in glucose-6-phosphate
translocase, encoded by G6PTL gene located on 11q23.
Common mutations vary in different ethnic groups.20 The
prevalent mutations for GSD1a in different ethnic groups
are: R83C and Q347X in caucasians; R83C in Ashkenazi
Jews; 459insTA and R83C in Hispanics; V166G in Muslim
Arabs; R83H and G727T in Chinese; and G727T in Japan-
ese. For GSD1b, two common mutations, G339C and
1211delCT, are present in whites, while W118R is prevalent
in Japanese.

GSD II, also known as Pompe disease, is a lysosomal
storage disease caused by the inability to degrade glycogen
due to defects in acid α-1,4-glucosidase. The phenotypes
range from the most severe infantile disorder to juvenile-
and late-onset adult myopathy. Patients with the infantile
form usually die from cardiomyopathy before they reach 2
years of age. Acid α-1,4-glucosidase is encoded by a gene
(GAA) located at 17q25, and different forms of the protein
are obtained by different proteolytic processing. Common
mutations have been identified in different ethnic groups.

Patients affected with GSD III, also known as Cori
disease, have symptoms similar to but milder than those
associated with GSD I. The gene encoding amylo-1-6-
glucosidase has 35 exons with 4596 bp of coding region and
a long 3′ UTR of 2371 bp. Molecular testing of GSD III is
difficult and impractical due to the large size of the gene
and the lack of predominant mutations.

GSD IV, also known as Andersen disease, is caused by
glycogen branching enzyme deficiency that results in
glycogen that is abnormal and insoluble. Intracellular accu-
mulations occur in the liver, brain, heart, skeletal muscles,
and skin fibroblasts. Neonates with GSD IV appear normal
at birth but develop hepatomegaly and failure to thrive in
the first year of life. Patients develop progressive cirrhosis
and usually die of liver failure by 2 to 5 years of age. Muta-
tions in the branching enzyme (α-1,4 to α-1,6) have been
identified in a limited number of patients.

Clinical Utility of Testing

Due to the complex nature of molecular testing for GSD
(large genes with numerous mutations), enzyme assays are
usually used for the diagnosis of GSD. However, for prena-
tal diagnosis of GSD I, gene-based mutation testing or
linkage analysis is the preferred method, since the enzymes
are not present in amniocytes or chorionic villi, requiring
a liver biopsy to obtain tissue containing the relevant
enzyme. For prenatal diagnosis of GSD II, III and IV, DNA
testing can be used to complement and confirm biochem-
ical results. Therapy for GSD I, II, III, and IV includes
dietary management, and for GSD II, enzyme replacement
is available (for complete review on treatment for GSD, see
References 20 and 21).

Available Assays

Molecular diagnosis for GSD I by direct DNA testing and
GSD II by linkage studies is available clinically.

FATTY ACID OXIDATION DISORDERS 
(MCAD DEFICIENCY)

During periods of fasting or prolonged aerobic exercise
when glycogen stores are depleted, fatty acids become a
main energy source by β-oxidation in the liver, and skele-
tal and cardiac muscles. The pathway for fatty acid oxida-
tion occurs in the mitochondria and is complex, involving
as many as 20 steps. A number of disorders involving 
different enzymes in the pathway have been identified.
Although the symptoms of the disorders have pheno-
typic overlap, there are several biochemical measure-
ments that can aid in the diagnosis of these disorders,
including plasma carnitine levels which are usually low,
plasma acylcarnitines, and urine acylglycines (for review,
see Reference 22). The most common of these disorders 
by far is medium-chain acyl-CoA dehydrogenase (MCAD)
deficiency, which is discussed in detail below.

Molecular Basis of the Disease

MCAD is an intramitochondrial enzyme that is encoded by
a nuclear gene. The normal function of MCAD is the initial
dehydrogenation of acyl-CoAs with chain lengths of 4 to
12 carbons. Defective function leads to the accumulation of
metabolites of the medium-chain fatty acids, mainly the
dicarboxylic acids, acylglycine in urine, and acylcarnitine
in plasma. At present, many states within the United States
employ tandem mass spectrometry in their newborn
screening program, which allows detection of the abnor-
mal plasma acylcarnitine profile characteristic of MCAD
deficiency. These metabolites are at their highest con-
centration in the blood in the first few days of life, making
the newborn period the ideal time for detection. Accord-
ingly, the specificity of this testing is 100%, as no false neg-
atives have been reported. MCAD enzymatic activity also
can be assayed in several different tissue types.

Because fatty acid oxidation fuels hepatic ketogenesis,
the symptoms of the disorder appear after periods of pro-
longed fasting or intercurrent infections and include
hypoketotic hypoglycemia, lethargy, seizures, coma, and,
without treatment, death. Complications of the disease 
can include hepatomegaly, acute liver disease, and brain
damage. The disease typically presents before 2 years of age
but after the newborn period. However, individuals have
been described who present with symptoms within the first
few days of life as well as those who present as adults.

MCAD deficiency is an autosomal recessive disorder that
is prevalent in individuals of northwestern European
ancestry, with the highest overall frequency of 1 in 4,900 in
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northern Germany. The incidence in the United States is
somewhat lower and is estimated to be 1 in 15,700. The
MCAD gene, ACADM, spans a 44 kb region on chromosome
1p31 and contains 12 exons encoding a protein of
421 amino acids. A single founder mutation in exon 11,
985A→G, which results in the substitution of the acidic
amino acid, glutamate, for the basic amino acid, lysine
(K304E), represents 90% of all alleles in the northern 
European population. However, recent studies of the US
population, attributable to the expansion of newborn
screening for MCAD deficiency, indicate that this mutation
accounts for 79% of the total mutant alleles in the US pop-
ulation (Table 8-3).23 The discrepancy between the two
results is presumably due to the greater ethnic diversity of
the US population.

Clinical Utility of Testing

Molecular genetic testing for MCAD mutations usually is
offered as confirmatory testing after the initial diagnosis
by biochemical testing. In addition, carrier testing for
MCAD deficiency cannot be performed using biochemical
metabolite profiles and must be done by molecular genetic
testing or by direct assay of MCAD activity in cultured
fibroblasts.

MCAD deficiency is a disease that can be treated if
promptly diagnosed in the early postnatal period. Precau-
tions, such as avoidance of fasting and saturated fats and
ingestion of carbohydrates prior to bedtime, can eliminate
the symptoms and related complications of the disease.
Although prenatal diagnosis on chorionic villus sampling
or cultured amniocytes using biochemical or molecular
genetic testing, or both, is possible, with the inherent risks
of the procedures, it may offer no advantage to postnatal
testing of acylcarnitines and other metabolites character-

istic of the disease. Therefore, genetic counseling and dis-
cussion of the issues related to this disease are warranted
when prenatal testing is being considered.

Available Assays

Because of its high prevalence among individuals with
MCAD deficiency, molecular testing for the K304E allele is
performed initially by PCR amplification followed by
restriction enzyme digestion or other methods that can
discriminate between single nucleotide changes, such as
ASO hybridization or ligation chain reaction amplification.
Clinical testing for this mutation is widely available. When
an affected individual is found to be heterozygous for the
K304E mutation or in the rare instance when an affected
individual is negative for the mutation, gene sequencing is
performed on all 12 exons of the ACADM gene; however,
relatively few laboratories offer screening of the entire
ACADM gene. Additional mutations have been identified
throughout the gene with no obvious mutation hotspot.

Interpretation of Test Results

The majority of mutations identified in ACADM are 
missense mutations located away from the active center of
the enzyme, and are thought to affect the overall stability
of the protein by affecting proper protein folding (Figure
8-2).24 Most patients exhibit the classic MCAD phenotype;
however, a small subset of patients has been identified that
is compound heterozygous for the A304E mutation or for
two other mutations, where at least one mutation is present 
that does not eliminate MCAD activity. These patients are
much less likely to experience metabolic decompensation;
however, even mildly symptomatic patients should avoid
circumstances that could precipitate a metabolic crisis,

Table 8-3. Genotypes of 57 MCAD-Deficient Newborns Detected
Using MS/MS to Screen More Than 1.1 Million Newborns (Neo
Gen Screening, Pittsburgh, PA, USA)

Mutation Position and Type Number of Patients Identified

985 A→G/985 A→G 35
985 A→G/199 T→C (exon 3) 8
985 A→G/deletion 343–348 2
985 A→G/other* 5
985 A→G/unidentified 5
799 G→A/254 G→A 1
Unidentified/unidentified 1

Source: Reprinted with permission from Chace DH, Kalas TA,
Naylor EW. The application of tandem mass spectrometry to
neonatal screening for inherited disorders of intermediary metab-
olism. Annual Review of Genomics and Human Genetics 3:17–45,
© 2002 by Annual Reviews, www.annualreviews.org.
*Other mutations:
244 insertion T (exon 4)
362 C→T (exon 5)
489 T→G (exon 7)
IVS 5+1 G→A
IVS 8+6 G→T
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Figure 8-2. Schematic representation of a human MCAD monomer based on the crystal
structure with cofactor flavin adenine dinucleotide (FAD) (black) and bound C8-CoA sub-
strate (darker gray). The side chains for residues in which missense mutations have been
published are shown in ball-and-stick representation. Only one of these mutations
(T168A) is located in close proximity to the active site, forming a hydrogen bond to the
flavin N(5) of FAD. (Reprinted from Gregersen N, Andresen BS, Corydon MJ, et al. Mutation analy-

sis in mitochondrial fatty acid oxidation defects: exemplified by acyl-CoA dehydrogenase deficien-

cies, with special focus on genotype-phenotype relationship. Human Mutation 18(3):169–189, by

permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc., © 2001.)
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since there is variability in age of onset even with classic
MCAD deficiency.

PEROXISOMAL DISORDERS (X-LINKED
ADRENOLEUKODYSTROPHY)

Genetic disorders of peroxisomal biogenesis and function
have severe phenotypic consequences that often result in
death in early childhood.A number of important metabolic
processes, including β-oxidation of long- and very-long-
chain fatty acids and the degradation of H2O2, take place in
the unique microenvironment of the single-membrane-
bound matrix of the peroxisome. Whereas the symptoms
of most metabolic diseases manifest after birth, disorders
of peroxisome biogenesis, such as Zellweger syndrome, are
associated with multiple congenital anomalies (for review,
see Reference 25). In this section, X-linked adrenoleukody-
strophy (X-ALD) is highlighted, as it is the most common
of the peroxisomal disorders and one of the few for which
clinical molecular genetic testing is available.

Molecular Basis of the Disease

X-ALD is a severe, often fatal disease that manifests in a pro-
gressive demyelination of the central nervous system,
dysfunction of the adrenal cortex, and testicular dysfunction
in hemizygous males. The most common form has an early
onset that typically appears at 4 to 8 years of age and results
in a progressive irreversible dementia and often death.
Less severe presentations of the disorder include adreno-
myeloneuropathy (AMN), which has a later age of onset,
often adrenal insufficiency, and neurological complications
that are limited to the spinal cord and peripheral nerves.26

Although the disease is inherited in an X-linked recessive
manner, up to 20% of carrier females manifest late onset
neurological symptoms similar to AMN. More than 93% of
X-ALD patients inherit mutations from their mothers, while
the remaining 7% carry de novo mutations. The primary
biochemical defect is an impaired peroxisomal β-oxidation
with the subsequent accumulation of very-long-chain fatty
acids (VLCFAs),most notably C26, in the plasma and tissues.
Therefore, X-ALD is not a disorder of peroxisomal biogen-
esis, but rather a specific defect of peroxisomal function. The
accumulation of VLCFAs and the accompanying inflamma-
tory response are thought to mediate the severity of the
disease phenotype. In the great majority of hemizygous
males (99%) and approximately 85% of carrier females, the
plasma concentration of VLCFAs is elevated, a measurement
that can be used as a diagnostic marker for the disease.27

Defects in the peroxisomal membrane protein, ALDP, a
member of the ATP-binding cassette family of molecular
transporters, cause the severe juvenile form of X-ALD and
its milder associated forms. The X-ALD gene, ABCD1, is
located on Xq28, spans 19 kb, contains 10 exons, and
encodes a protein of 745 amino acids. The overall incidence
of X-ALD and all variant forms is 1 in 15,000, making it the

most common genetic determinant of peroxisomal disease.
More than 400 different mutations have been found in the
ABCD1 gene, with the vast majority being point mutations,
although deletions and duplications also have been
identified (http://www.x-ald.nl/). In addition, mutations in
all 10 exons have been reported. No genotype-phenotype
correlations are apparent, and wide phenotypic variation
has been reported within families.

Clinical Utility of Testing

Molecular testing is most useful for determining the
carrier status of at-risk women and for prenatal diagnosis,
since 15% of carrier females will not have elevated VLCFA
levels and therefore will have a false-negative result by bio-
chemical methods.

Available Assays

Molecular genetic testing of the ABCD1 gene is available
clinically from a few laboratories. Because many of the
mutations identified are private mutations specific to a 
particular family, PCR amplification and SSCP or direct
sequencing of all 10 exons has been used successfully to
identify mutations in the majority of cases,28 whereas
Southern blotting can be used to assess deletion and dupli-
cation status as long as the rearrangement is small enough
to be detected with gene-specific probes. Complications
can arise during PCR amplification due to the presence of
paralogous gene segments of ABCD1 spanning exons 7 to
10 on chromosomes 2p11, 10p11, 16p11, and 22q11, but can
be overcome by choice of primers that avoids amplification
from the other chromosomes.28 Although mutations have
been identified throughout the entire ABCD1 gene, a 2 bp
AG deletion in exon 5 was found in 10.3% of families with
X-ALD and is therefore the most common mutation
identified in the ABCD1 gene.29 Interestingly, this mutation,
which is associated with all X-ALD phenotypes, does not
represent a founder allele and is therefore a mutation
hotspot within the ABCD1 gene.

Interpretation of Test Results

The majority of mutations in ABCD1 are missense muta-
tions (58.4%), with frameshifts and nonsense mutations
accounting for 23.9% and 9.1% of mutation alleles, respec-
tively, and amino acid insertions and deletions and whole
exon deletions accounting for 4.6% and 4%, respectively. A
recent study of the effects of missense mutations on ALDP
stability demonstrated that approximately 70% resulted in
absent or reduced ALDP, indicating that most mutations in
ABCD1 result in complete loss of protein function (Figure
8-3).29 These findings are consistent with the observed lack
of genotype-phenotype correlation and lend support to the
existence of additional genetic and environmental factors
that modify the X-ALD phenotype.
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LEUKODYSTROPHIES (CANAVAN DISEASE)

The leukodystrophies are a group of degenerative meta-
bolic diseases that involve the white matter of the brain,
resulting predominately from disruption in the synthesis,
transport, or catabolism of myelin. Examples include
Krabbe disease and metachromatic leukodystrophy
(MLD), which affect lysosomal function and degradation
of myelin, and Pelizaeus-Merzbacher disease, which is due
to the abnormal synthesis of proteolipid protein. Another
example, discussed in detail below, is Canavan disease,
characterized by loss of axonal myelin sheaths and spongi-
form degeneration of the brain. Neurological deterioration
in most leukodystrophies occurs after a period of normal
development, and therapy is usually limited to the allevia-
tion of symptoms.

Molecular Basis of the Disease

Canavan disease (CD) is an autosomal recessive disorder
found mainly in Ashkenazi Jewish families and is caused
by deficiency in the activity of the enzyme aspartoacylase
(for review, see Reference 30). The pathophysiologic rela-
tionship between the loss of this enzymatic activity and the
development of CD remains to be elucidated. Diagnosis
usually is established by the demonstration of increased

levels of the substrate N-acetylaspartic acid in urine
because enzymatic studies have been shown to be quite
variable. Clinical symptoms associated with CD include
macrocephaly, hypotonia, severe developmental delay,
optic atrophy, poor head control, and death in childhood.

The gene encoding aspartoacylase (ASPA), located on
the short arm of chromosome 17, is relatively small, with 6
exons spanning 30 kb of genomic sequence. Two point
mutations, E285A and Y231X, are responsible for more
than 97% of mutant alleles in Ashkenazi Jews. Mutations in
non-Jewish individuals are more heterogeneous; however,
a panethnic mutation, A305E, accounts for approximately
40% to 48% of non-Jewish European alleles.31

Clinical Utility of Testing

The genes responsible for many of the leukodystrophies
have been cloned and characterized. However, in most
instances the mutations in these genes are diverse. There-
fore, biochemical diagnoses are still widely used, although
molecular testing may be performed for carrier and subse-
quent prenatal testing. CD, however, occurs at increased fre-
quency in the Ashkenazi Jewish population and screening
for a limited number of mutations is feasible.

CD population screening of Ashkenazi Jewish individu-
als has demonstrated a carrier frequency of 1 in 40 to 59
(References 32 and 33 and our unpublished data). The
carrier frequency for non-Jewish individuals has not been
adequately determined, but it is far lower than that seen in
the Ashkenazi Jewish population. As the carrier frequency
is so high in the Ashkenazi population and the sensitivity
of the assay is well above 90%, ACOG and the ACMG rec-
ommended in 1998 that carrier screening for CD be per-
formed preconceptually on couples with Ashkenazi Jewish
ancestry.

Available Assays

A number of laboratories test for the two common Ashke-
nazi Jewish mutations, while some also test for A305E. A
few laboratories also test for the less-frequent non-Jewish
mutation, 433−2A→G. Testing methodologies commonly
used for the detection of these mutations include PCR fol-
lowed by ASO hybridization or restriction enzyme diges-
tion, or allele-specific amplification. Miami Children’s
Hospital Research Institute holds a patent on the CD gene
and testing and requires laboratories to obtain a license,
with a royalty fee for each test performed.

Interpretation of Test Results

If carrier screening indicates that both partners are carri-
ers, prenatal testing should be offered. The preferred
method of testing is DNA analysis of known mutations.

L101 G131Y227 S235 Peroxisome

Membrane

Cytoplasm

N390

H434

COOH

ALDP present
ALDP reduced
ALDP absent

T693

E630

G507

V468 L520

M598

NH2

1352Q316A260F204L154

L75

Figure 8-3. A hypothetical model of ALDP is shown. Individual amino acids are repre-
sented by circles. Missense mutations may affect the stability of ALDP. The effect of mis-
sense mutations on the stability of ALDP has been investigated for 52 independent
missense mutations. Of these 52 amino acid substitutions, 31% do not affect ALDP sta-
bility and the cells have normal ALDP levels (green circles). Eleven percent of missense
mutations result in reduced amounts of ALDP (orange circles). However, at 2 of these 6
positions, missense mutations have been reported that destabilize ALDP and are marked
in red. Fifty eight percent of missense mutations result in no detectable ALDP (red
circles). Overall, 69% of all missense mutations result in reduced or absent ALDP activ-
ity.29 All other mutations, including in-frame amino acid deletions and truncations near
the carboxy terminus, result in the absence of detectable levels of ALDP. (Reproduced from

the Web site http://www.x-ald.nl/, with permission © J. Berger and S. Kemp.)
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For couples in which one partner is shown to be a carrier
and the other partner is negative by targeted molecular
testing, particularly if they are not Jewish, biochemical
testing by measurement of the substrate in amniotic fluid
is possible when the fetus has been shown to carry the one
identified parental mutation.

Laboratory Issues

As discussed in this chapter, molecular genetic testing 
for metabolic disorders is used primarily as a follow-up 
to biochemical analyses for confirmation of findings,
prognosis, carrier screening, or prenatal testing. Readers
interested in learning which laboratories perform 
individual tests should refer to the GeneClinics Web site
(http://www.geneclinics.org), which includes a listing of
laboratories certified by the Clinical Laboratory Improve-
ment Amendments (CLIA). As testing for many of these
disorders is performed in only a few laboratories, com-
mercial test kits and proficiency testing is limited. Profici-
ency testing for TSD is available through the California
Tay-Sachs Disease Prevention Program. For other disor-
ders, interlaboratory exchange of samples is common prac-
tice. Several companies have developed assays for a panel
of Ashkenazi Jewish disorders that include TSD, CD, and
most likely GD among others. As mutation scanning
methods become more routine, molecular testing for meta-
bolic disorders may become more commonplace.
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Chapter 9
Fibroblast Growth Factor Receptor–Related 
Skeletal Disorders
Peter J. Bridge

exception of Muenke syndrome) in association with
specific facial and more variable hand and foot features
that delineate the different syndromes. Some types result
in cloverleaf skulls due to the premature fusion of all
sutures. The craniosynostoses are usually named after the
individuals who described them, and all show autosomal
dominant transmission with very high or complete pene-
trance. Craniosynostosis may be a feature of a very large
number (>150) of other genetic syndromes.“Splitters” note
the variations between the different named syndromes,
whereas “lumpers” see them all as fibroblast growth factor
receptor (FGFR)-related craniosynostoses. The molecular
genetic evidence currently supports both camps: all have
FGFR mutations, but both types of heterogeneity are
known, sometimes with the same syndrome caused by
mutations in different genes, and sometimes the same
mutation is found in patients with different clinical 
diagnoses.

The chondrodysplasias are characterized by abnormali-
ties in the growth of long bones, and an autosomal domi-
nant inheritance pattern would apply if the diseases were
not lethal. The nomenclature for the chondrodysplasias 
is descriptive of the associated pathology. A rare FGFR-
related disorder, osteoglophonic dysplasia, is associated
with features of both craniosynostoses and chondrodys-
plasias, as well as nonossifying bone lesions that create a
hollowed-out appearance of bone on x-ray.

Molecular Testing Methods and
Laboratory Issues

For the disorders associated with a limited number of
mutations, testing for the point mutations can be performed
by a number of methods such as restriction enzyme 
digestion of polymerase chain reaction (PCR) products,
allele-specific PCR, allele-specific hybridization by dot-blot,
or in a homogeneous assay format (e.g., TaqMan or 
Lightcycler). Analysis of most, but not all, of the FGFR gene
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INTRODUCTION

Four fibroblast growth receptor genes, FGFR1 to FGFR4,
encode receptors for the 18 (or more) fibroblast growth
factors. Any of the factors can bind to any of the rece-
ptors, although there are preferences. Structurally, the 
receptors consist of an extracellular region, comprising 
three immunoglobulinlike domains, a single hydrophobic
segment that spans the membrane, and a cytoplasmic tyro-
sine kinase domain. Binding of the fibroblast growth factor
(FGF) ligand to the extracellular domain activates the
intracellular tyrosine kinase domain and initiates a signal-
ing pathway that is involved in cell division and differenti-
ation. Mutations that cause hereditary diseases of the
skeleton have been discovered in FGFR1, FGFR2, and
FGFR3 but not so far in FGFR4. (The only currently
reported variant in FGFR4, G388R, is associated with
tumor progression and metastasis.) Different gain-of-
function mutations in FGFR1, FGFR2, and FGFR3 lead to
two major categories of disease, the craniosynostoses and
the chondrodysplasias. Mutation effects are varied, includ-
ing ligand-free receptor dimerization that results in 
constitutive receptor signaling, direct activation of the
tyrosine kinase, and modulation of the receptor ligand
binding affinity or specificity.1

CRANIOSYNOSTOSES AND
CHONDRODYSPLASIAS

Craniosynostosis results from the premature fusion of the
cranial sutures. The shape of the skull is dependent on
which sutures are affected and at what stage of develop-
ment the premature fusion occurs. Most cases of simple
craniosynostosis are sporadic, but up to 10% may be hered-
itary. Differentiation of sporadic from hereditary cran-
iosynostosis is very important when assessing recurrence
risk. The hereditary craniosynostoses are generally char-
acterized by bilateral coronal craniosynostosis (with the
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mutations can be accomplished by restriction enzyme
digestion of PCR products followed by electrophoretic sep-
aration of the digestion products in agarose gels. Whenever
possible, two different restriction enzymes are used, one for
the normal sequence and one for the mutation sequence.
This combination will always give fully interpretable
banding patterns, if it can be achieved. If the above plus-
minus system cannot be achieved, the next best option is to
design the PCR such that the PCR product contains a
second constant restriction enzyme recognition site so that
the product always is cleaved but yields different patterns
in individuals positive or negative for the mutation. Diges-
tion with a second restriction enzyme can be used to
confirm a result; for instance, the G375C mutation in FGFR3
does not destroy a restriction enzyme site but can be
detected by the generation of new sites for Sph I or Fat I.
Table 9-1 gives an example of selected mutations found in
FGFR3 and options for testing by restriction enzyme diges-
tion of the DNA (refer to Online Mendelian Inheritance in
Man (OMIM),2 GeneReviews,3 or Human Gene Mutation
Database4 for current and complete information on muta-
tions in the FGFR genes). Figure 9-1 shows the results of
restriction enzyme analysis of DNA from normal controls

and a patient with the K650E mutation in FGFR3
(thanatophoric dysplasia, type 2).

The major problem with most restriction enzyme5

assays for the FGFR-related conditions is that there are
often many different mutations (sometimes also in differ-
ent FGFR genes) that can cause the same phenotype, so that
many different assays may need to be performed until a
positive result is obtained.A better approach, whenever the
mutations are clustered, is to sequence the relevant exon(s).
This approach will detect any mutation, including muta-
tions not previously identified, in the region sequenced.
Figure 9-2 is an automated DNA sequence that shows a
C278F mutation in exon 3a of the FGFR2 gene from a
patient with Crouzon syndrome. Note that this sequencing
approach would have detected any of the 10 or more muta-
tions in this exon that cause Crouzon syndrome.

A faster screening method has recently become available
with the advent of denaturing high-performance liquid
chromatography (DHPLC), designed for the analysis of
DNA fragments. Figure 9-3 shows superimposed DHPLC
traces of exon 3a of the FGFR2 gene in a normal control
and patients with Apert (P253R and S252W) and Crouzon
(W290R) syndromes. The P253R, S252W, and W290R
mutations have traces that are clearly different from one
another as well as from the control. The speed of analysis
using DHPLC is a major advantage (4 minutes per sample).
Although each patient has a different profile and therefore

Table 9-1. A Small Selection of FGFR3 Mutations That Can Be Detected by Restriction Enzyme Digestion of the Appropriate PCR Prod-
ucts

Restriction Sites

Disorder Mutation Sequence Change Create New Destroy Existing

Thanatophoric dysplasia 1 R248C CGC → TGC Bsp 1286I Hae II
Thanatophoric dysplasia 1 S371C AGT → TGT Cvi KI Tsp RI
Achondroplasia G380R GGG → AGG Sfc I Bsc GI
Achondroplasia G380R GGG → CGG Msp I Bsc GI
Thanatophoric dysplasia 2 K650E AAG → GAG Bsm AI Bbs I

The use of at least 2 different restriction enzymes is advisable to ensure that all true digestion results can be distinguished from enzyme
failure. Restriction enzyme analysis of patient DNA with the K650E mutation is shown in Figure 9-1.

1 2 43 5 6 7 8 9

Figure 9-1. Polymerase chain reaction–restriction fragment length polymorphism
(PCR-RFLP) assay for the K650E mutation in exon 15 of the FGFR3 gene. Exon 15 of FGFR3
from patient and control DNA was amplified by PCR, and the resulting PCR products were
either not digested or digested with Bsm AI or Bbs I, and analyzed by agarose gel elec-
trophoresis. The K650E mutation in exon 15 of FGFR3 creates a new restriction site for
Bsm AI and destroys a restriction site for Bbs I. Lane 1, size standards (50 base pair [bp]
ladder); lane 2, undigested PCR product control (480 bp); lane 3, no template PCR control;
lanes 4 and 6, normal DNA digested with Bsm AI; lane 5, patient DNA digested with Bsm
AI, which demonstrates an additional cut site compared to the normal DNA in adjacent
lanes; lanes 7 and 9, normal DNA digested with Bbs I; lane 8, patient DNA digested with
Bbs I, which demonstrates loss of a cut site compared to the normal DNA in adjacent
lanes. These results confirm a diagnosis of thanatophoric dysplasia, type 2.
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Figure 9-2. Sequence analysis of exon 3a of the FGFR2 gene. Automated sequence elec-
tropherogram (from an ABI377 sequencing instrument; Applied Biosystems, Foster City,
CA) of the forward strand of exon 3a of FGFR2 from a patient with Crouzon syndrome. A
TGC to TTC mutation is shown at position 136 in this sequence that would cause a C278F
amino acid substitution. This particular mutation creates a new restriction site for Bbs I
so could also be detected by a PCR-RFLP method for diagnosis or confirmation.



9. Fibroblast Growth Factor Receptor–Related Skeletal Disorders 111

a different sequence compared to the normal control, the
exact mutation is not identified by DHPLC. Previously run
affected controls provide a good indication of which muta-
tion corresponds to which DHPLC profile, particularly
where there is a very limited number of mutations associ-
ated with the diagnosed disorder. DNA from patients with
profiles that do not match any of the reference set must be
sequenced to determine the specific mutation that is
identified by DHPLC.

The laboratory should ensure that the relevant family
members have received adequate genetic counseling and
have provided informed consent prior to testing. Regard-
less of the methods used for detection of FGFR mutations,
in vitro diagnostic test kits are not commercially available
for any of the genes or mutations. Proficiency testing pro-
grams are not currently available for FGFR testing, so the
laboratory must meet proficiency testing requirements by
other mechanisms.

Interpretation of Test Results

Novel missense mutations always present a diagnostic
dilemma: Are they the cause of the disease or are they
benign variants? The task is somewhat easier for the FGFR
genes because the genes are relatively nonpolymorphic and
most changes seem to be pathogenic. Many missense muta-
tions that might seem potentially innocuous on theoretical
grounds, because the amino acid changes are relatively
conservative (e.g., S252L, I288S, and A314S in FGFR2), are
actually pathogenic. Nevertheless, interpretation is facili-
tated if the newly detected mutation is a de novo mutation
in an isolated case of the disease or changes an evolution-
arily conserved amino acid to one that could not fulfill the
same function. For example, a novel 3-base insertion that
adds a glycine residue at codon 272 (G272GG) in exon 3a
of FGFR2 was detected in a patient with Crouzon syn-
drome. The mutation could not be established as a de novo
mutation because one parent was unavailable for testing.

However, there was precedent for this being a disease-
causing mutation in that a very similar type of mutation
(also the insertion of 3 bases encoding glycine) had previ-
ously been reported at a nearby location in the gene
(T268TG). At the time, interpretation was more difficult
because more limited experience with testing of the FGFR
genes had not yet established that almost all changes are
pathogenic. Up-to-date listings of known mutations in
each FGFR gene are available through the Human Gene
Mutation Database.4

Some disorders are so severe that, although the inheri-
tance pattern theoretically would show dominant trans-
mission, the mutations are not normally transmitted due
to their lethality, and all affected individuals have a new
mutation.Although the parent who transmitted the mutant
allele does not have the syndrome, since they are alive, the
possibility of germline mosaicism or more rarely somatic
and germline mosaicism in that parent must never be over-
looked by either the genetic counselor or the diagnostic
laboratory. If a mutation was identified in the affected indi-
vidual, offering prenatal diagnosis for all future pregnan-
cies is advisable.All FGFR test results should be interpreted
in the context of the family history by an individual 
with expertise in clinical molecular genetics.

Comprehensive reviews of the clinical features of each
syndrome are available.6–8 In addition, many valuable
online resources are available. Particularly useful resources
are OMIM2 and GeneReviews.3 A fairly simple description
of the various molecular mechanisms of dominance can be
found in Strachan and Read,9 and much more detailed
descriptions of the molecular mechanisms as they apply to
the skeletal dysplasias can be found in Wilkie.1,10

APERT SYNDROME

Molecular Basis of the Disease

All the dominant mutations that cause Apert syndrome are
all clustered in exon 3a of FGFR2. S252W accounts for 
approximately 65% of Apert syndrome mutations, and
P253R accounts for approximately 35%. These mutations,
which are located between immunoglobulinlike domains,
increase receptor-ligand binding. There are other very rare
mutations in the immediate vicinity of these two mutations.

Clinical Utility of Testing

Apert syndrome is easily diagnosed by clinical criteria.
Knowing the specific mutation does not alter treatment but
would permit prenatal diagnosis in two scenarios: preg-
nancies with a risk for Apert syndrome due to germline
mosaicism (i.e., there has been a previously affected child
and neither parent has the mutation or condition), and
pregnancies with a 50% probability of having an affected
child since one parent is affected.

Consolidated analysis report
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Figure 9-3. DHPLC analysis for patients with Apert or Crouzon syndromes. Superim-
posed DHPLC traces of exon 3a of the FGFR2 gene in a normal control (brown trace) and
patients with Apert (P253R, pink trace; S252W, green trace) and Crouzon (W290R, blue
trace) syndromes. The 3 mutations, each differing from the normal control by only a
single nucleotide, have different DHPLC profiles.
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Available Assays

Sequence analysis or DHPLC analysis of exon 3a of FGFR2
will detect mutations.

Interpretation of Test Results

Heterozygosity for S252W or P253R is diagnostic of Apert
syndrome.

Laboratory Issues

A polymorphism has been reported that can interfere with
PCR amplification of exon 3a of FGFR2.11 If the test is per-
formed using DHPLC, profiles of both of the common
mutations as well as normal exon 3a should be established
by the laboratory during test validation.

PFEIFFER SYNDROME

Molecular Basis of the Disease

The vast majority of Pfeiffer syndrome mutations are in
FGFR2. A mutation in FGFR1 (P252R in exon 5) is found in
approximately 5% of Pfeiffer syndrome patients and tends
to be associated with a milder phenotype.

Clinical Utility of Testing

Sometimes the parent of a child affected by one of the cran-
iosynostoses is found to have mild symptoms on clinical
examination. Testing the parents for the mutation found 
in the child clarifies recurrence risks. De novo mutations
are particularly common for severe forms of the disorder
caused by FGFR2 mutations that occurred in the male
germline.

Available Assays

Most mutations are clustered in exons 3a and 3c of FGFR2,
making sequence analysis the ideal testing method. One
strategy for sequencing FGFR2 for mutations is to first
focus on the regions of codons 278 and 342, which are
mutation hotspots, and then perform more extensive
sequencing if these focused regions do not have mutations.

Interpretation of Test Results

Heterozygous mutations should be compared with tables
of known mutations (the online Human Gene Mutation
Database) for interpretation. There is significant clinical

heterogeneity, and Crouzon, Pfeiffer, or Jackson-Weiss 
phenotypes sometimes result from the same mutations.
Thus, detection of a mutation may indicate a craniosynos-
tosis, but not necessarily which syndrome. In the case of a
de novo mutation, recurrence risk due to the possibility of
germline mosaicism must be considered.

Laboratory Issues

A polymorphism has been reported that can interfere with
PCR amplification of exon 3a of FGFR2.11 Because of the
issue of phenotypic heterogeneity, prediction of a specific
phenotype based on the mutation can be made only if
already clearly delineated by clinical examination.

CROUZON SYNDROME (WITH OR WITHOUT
ACANTHOSIS NIGRICANS)

Molecular Basis of the Disease

Crouzon syndrome with acanthosis nigricans is due to the
FGFR3 A391E mutation. All other cases of Crouzon syn-
drome (without acanthosis nigricans) are due to dominant
FGFR2 mutations.

Clinical Utility of Testing

Sometimes the parent of a child affected by one of the cran-
iosynostoses is found to have mild symptoms by clinical
examination. Testing the parents for the mutation found in
the child clarifies recurrence risks. Approximately 50% of
cases of Crouzon syndrome are due to a de novo mutation
that occurred in the male germline.

Available Assays

The mutation A391E in FGFR3 can be detected by a PCR-
RFLP assay. One strategy for sequencing FGFR2 for muta-
tions is to first focus on the regions of codons 278 and 342,
which are mutation hotspots accounting for approximately
60% of mutant alleles in Crouzon syndrome, and then
perform more extensive sequencing if these focused
regions do not have mutations.

Interpretation of Test Results

Heterozygous mutations should be compared with tables
of known mutations (the online Human Gene Mutation
Database) for interpretation. There is significant pheno-
typic heterogeneity, and Crouzon, Pfeiffer, or Jackson-
Weiss phenotypes sometimes result from the same
mutations. Thus, detection of a mutation may indicate 
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a craniosynostosis, but not necessarily which syndrome.
In the case of a de novo mutation, recurrence risk due 
to the possibility of germline mosaicism must be 
considered.

Laboratory Issues

A polymorphism has been reported that can interfere with
PCR amplification of exon 3a of FGFR2.11 Because of the
issue of phenotypic heterogeneity, prediction of a specific
phenotype based on the mutation can be made only if
already clearly delineated by clinical examination.

JACKSON-WEISS SYNDROME

Molecular Basis of the Disease

All mutations that cause Jackson-Weiss syndrome are
found in FGFR2. However, due to overlap of phenotypes,
the mutation P252R in FGFR1 that usually causes Pfeiffer
syndrome may occasionally be clinically diagnosed as
Jackson-Weiss syndrome.

Clinical Utility of Testing

Sometimes the parent of a child affected by one of the cran-
iosynostoses is found to have mild symptoms on clinical
examination. Testing the parents for the mutation found in
the child clarifies recurrence risks.

Available Assays

Sequencing of the region encompassing the third
immunoglobulinlike domain of FGFR2 (exon 3c) will
detect all known mutations.

Interpretation of Test Results

Heterozygous mutations should be compared with tables
of known mutations (the online Human Gene Mutation
Database) for interpretation. There is significant pheno-
typic heterogeneity, and Crouzon, Pfeiffer, or Jackson-
Weiss phenotypes sometimes result from the same
mutations. Thus, detection of a mutation may indicate a
craniosynostosis, but not necessarily which syndrome.

Laboratory Issues

A polymorphism has been reported that can interfere 
with PCR amplification of exon 3a of FGFR2.11 Because 
of the issue of phenotypic heterogeneity, prediction of

a specific phenotype based on the mutation can be 
made only if already clearly delineated by clinical 
examination.

MUENKE SYNDROME

Molecular Basis of the Disease

Muenke syndrome does not always have bilateral cran-
iosynostosis. All cases are due to a single mutation in exon
7 of FGFR3 (P250R), which is considered part of the diag-
nostic criteria. This mutation, which is between the second
and third immunoglobulinlike domains, is thought to
increase affinity of ligand binding.

Clinical Utility of Testing

Mutation testing for P250R is an essential part of the clin-
ical diagnosis, since the phenotype is highly variable.
Sometimes the parent of a child affected by one of the cran-
iosynostoses is found to have mild symptoms on clinical
examination. Testing the parents for the mutation found in
the child clarifies recurrence risks.

Available Assays

The P250R mutation generates a new recognition site for
the restriction enzyme Msp I in exon 7 of the FGFR3 gene,
so testing can be performed using a PCR-RFLP method.

Interpretation of Test Results

The presence of the P250R mutation in FGFR3 is diagnos-
tic of Muenke syndrome.

Laboratory Issues

If this test is performed as a stand-alone test, restriction
enzyme digestion might be the easiest method; however, if
the patient has craniosynostosis and is being evaluated for
a broader spectrum of conditions, sequencing or DHPLC
analysis of exon 7 may be more useful.

BEARE-STEVENSON SYNDROME

Molecular Basis of the Disease

Beare-Stevenson syndrome has been associated with only
two FGFR2 mutations, S372C and Y375C. In terms of effect
on protein, these mutations may be the FGFR2 equivalents
of the S371C and Y373C thanatophoric dysplasia mutations
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in FGFR3, which result in unpaired cysteine residues that
promote ligand-independent dimerization and activation
of the receptor.

Clinical Utility of Testing

Beare-Stevenson syndrome is an extremely rare lethal
disease, and molecular detection of one of the known
mutations in FGFR2 is very helpful for definitive diagnosis
of a condition that extremely few clinicians have seen.

Available Assays

Sequence analysis is the preferred method of testing
because of the difficulty in obtaining control specimens 
for validation of other methodologies. This is a common
problem in extremely rare conditions.

Interpretation of Test Results

Heterozygous detection of FGFR2 S372C and Y375C 
mutations by sequence analysis is diagnostic of Beare-
Stevenson syndrome.

Laboratory Issues

Most laboratories will not have prior experience testing for
this condition, nor are they likely to have suitable control
specimens. If a laboratory detects one of these mutations,
confirmation of the mutation by a laboratory with prior
experience testing for Beare-Stevenson syndrome is 
advisable.

OSTEOGLOPHONIC DYSPLASIA

Molecular Basis of Disease

Dominant mutations in FGFR1 have recently been
identified in patients with osteoglophonic dysplasia.12 All
three of the reported mutations occur at positions that are
homologous to mutation sites in other FGFR genes associ-
ated with other syndromes.

Clinical Utility of Testing

The clinical utility of testing is for confirmation of the diag-
nosis of osteoglophonic dysplasia and for prenatal testing
if a mutation is identified in a previous affected child.

Available Assays

Since the association of osteoglophonic dysplasia with
FGFR1 mutations is a recent finding, clinical testing is
unlikely to be available. The reported mutations would be
detected by sequencing exons 9 and 10 of FGFR1.

Interpretation of Test Results

Results to be used in a clinical setting should be interpreted
with caution since there is little data available on muta-
tions in osteoglophonic dysplasia. Further investigation is
needed to determine the frequency and locations of FGFR1
mutations, to determine the frequency of de novo muta-
tions, to elucidate any genotype-phenotype correlations,
and to understand the effect of putative mutations on
receptor function.

Laboratory Issues

The main laboratory issues are rarity of the disorder and the
relative lack of data to assist in the interpretation of results.

ACHONDROPLASIA

Molecular Basis of the Disease

Achondroplasia is characterized by short stature, predom-
inantly with shortening of the upper arms and thighs, more
normal length of the forearms, lower legs, and torso, and
an average adult height of approximately 4 feet. Other fea-
tures include prominent forehead, flattened nasal bridge,
lordosis, spinal stenosis, tibial bowing, and obstructive
apnea. Achondroplasia results from a dominant gain-of-
function mutation in the FGFR3 gene. One very common
mutation, a G→ A transition at nucleotide 1138 that leads
to the substitution of glycine 380 by arginine (G380R),
accounts for approximately 97% to 98% of cases. One less
common mutation, also G380R (nucleotide 1138 G→C),
accounts for a further 1% to 2% of cases. The remainder
are very rare mutations, G375C and G346E. When both
partners of a couple have achondroplasia, there is a 1 in 4
chance of homozygous achondroplasia for each pregnancy.
This is a much more severe disease that, like thanatophoric
dysplasia, also affects the ribs and is lethal. Approximately
80% of cases of achondroplasia are the result of a new
mutation, making nucleotide 1138 of the FGFR3 gene the
most frequently mutated nucleotide known in humans.
Current data support the observation that all cases of de
novo mutation occur in the paternally inherited allele of
FGFR3, and the incidence of achondroplasia correlates
with advanced (>35 years) paternal age.
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Clinical Utility of Testing

Testing is often performed late in pregnancy following
detection of short limbs by ultrasound to differentiate
between heterozygous achondroplasia (viable fetus) and
thanatophoric dysplasia (lethal). The distinction aids in
directing the medical management of the delivery and
helps prepare the family for an unfortunate outcome if the
fetus has thanatophoric dysplasia. More rarely, testing may
be performed in the first trimester because one parent has
achondroplasia. If both parents have achondroplasia, pre-
natal testing can determine whether the fetus has lethal
homozygous achondroplasia (25% risk), has heterozygous
achondroplasia (50% risk), or does not have any FGFR3
mutation (25% risk) Note that achondroplastic parents
may view heterozygous achondroplasia as the preferred
outcome. Testing is performed neonatally to confirm a clin-
ical diagnosis.

Available Assays

Restriction enzyme digestion can detect both of the main
mutations. Sequence analysis of exon 10 of FGFR3 detects
very close to 100% of mutations. DHPLC analysis of exon
10 should also detect the same proportion of mutations.13

A homogeneous assay has been reported that detects
G380R mutations (in addition to the hypochondroplasia
mutation N540K) using real-time PCR and multiple
probes.14

Laboratory Issues

Whenever it is necessary to determine whether a fetus has
achondroplasia or thanatophoric dysplasia late in preg-
nancy, the laboratory normally tests for achondroplasia
first (if doing so by restriction enzyme assays) because of
the relative ease of detecting almost all cases of achon-
droplasia. If the achondroplasia screen is negative, testing
for the wider spectrum of mutations that can cause
thanatophoric dysplasia is appropriate. If the original assay
involved sequence analysis of exon 10 of FGFR3, most of
the achondroplasia mutations and about half of the
thanatophoric dysplasia mutations would be detected in
this single assay.

HYPOCHONDROPLASIA

Molecular Basis of the Disease

Hypochondroplasia is a milder skeletal dysplasia than
achondroplasia, although the conditions may overlap 
(both clinically and molecularly). For example, the same

G380R(1138G→A) mutation in FGFR3 is found in 97% of
cases of achondroplasia and 5% of cases of hypochon-
droplasia. FGFR3 mutations account for 50% to 75% of
cases of hypochondroplasia. The remaining cases do not
currently appear to have FGFR mutations, and thus the
possibility of genetic heterogeneity must be considered.
Two different point mutations at codon 540 account for up
to 70% of hypochondroplasia alleles.

Clinical Utility of Testing

Testing is often performed late in pregnancy following
detection of short limbs by ultrasound. Testing is per-
formed neonatally to confirm a clinical diagnosis.

Available Assays

Restriction enzyme analysis will detect the two N540K
mutations in exon 13 of FGFR3. The remaining reported
mutations are detectable by sequencing exons 10, 13, and
15 of FGFR3. A homogeneous assay has been reported that
detects the two N540K mutations using real-time PCR and
multiple probes.14

Interpretation of Test Results

Approximately 5% of individuals who are clinically diag-
nosed with hypochondroplasia have the common G380R
(1138G→A) mutation in FGFR3 usually associated with
achondroplasia.

Laboratory Issues

Because not all cases of hypochondroplasia result from
FGFR mutations, the laboratory report following a negative
finding should include a comment on the possibility of
genetic heterogeneity.

THANATOPHORIC DYSPLASIA

Molecular Basis of the Disease

Thanatophoric dysplasia is a lethal form of neonatal
dwarfism, with two clinical types. Type 1 is characterized
by micromelia with femoral bowing and, uncommonly, a
cloverleaf skull. Type 2 is characterized by micromelia
without femoral bowing and with uniform presence of
moderate to severe cloverleaf skull. Thanatophoric dyspla-
sia type 1 is caused by mutations in FGFR3 (R248C, S249C,
G370C, S371C, and Y373C) that introduce an unpaired cys-
teine residue into the protein. Inappropriate pairing of
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these cysteines is hypothesized to cause activation of
the receptor in the absence of its ligand (constitutive re-
ceptor activation). The K650E mutation in FGFR3 causes
thanatophoric dysplasia type 2 by a different mechanism.
This mutation involves a charge reversal, whereas K650N,
which does not have the same charge reversal, causes
hypochondroplasia. The X807 read-through mutations are
quite rare, but interesting because the natural stop codon
is destroyed, resulting in additional amino acids at the car-
boxyl end of the protein (Hemoglobin Constant Spring is
another example). Even more interesting, given the pro-
posed dominant gain-of-function nature of FGFR3 muta-
tions in thanatophoric dysplasia type 1, is the fact that the
presence of 141 additional amino acids at the carboxyl end
of the protein should enhance the receptor function.

Clinical Utility of Testing

Thanatophoric dysplasia is the most clinically severe of the
FGFR-related skeletal dysplasias. Discovery of a mutation
for thanatophoric dysplasia during pregnancy allows the
parents to prepare for the birth of a child who usually will
not survive and somewhat changes the focus of the medical
management of the delivery toward the care of the mother.
Several similar lethal forms of dwarfism also are inherited
as autosomal recessive traits with a 25% recurrence risk.
The finding of a thanatophoric dysplasia mutation reduces
the recurrence risk to the risk of germline mosaicism.

Available Assays

Sequence or DHPLC analysis of FGFR3 exon 10 will detect
all of the achondroplasia mutations and about half of
the thanatophoric dysplasia mutations. The remaining
thanatophoric dysplasia mutations are located in various
exons throughout the gene.

Laboratory Issues

As noted above, when this test is being performed late in
pregnancy to distinguish between thanatophoric dysplasia
and achondroplasia, a screen for achondroplasia mutations
is performed first (if the methodology is by restriction
enzyme analysis) because 99% of cases are caused by 
only two mutations.
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Chapter 10
Cystic Fibrosis
Jean A. Amos

ducts and subsequent scarring and destruction of exocrine
functions. Neonatal meconium ileus occurs in approxi-
mately 15% of newborns with CF. Other manifestations
include chronic sinusitis, nasal polyps, liver disease, pan-
creatitis, and congenital bilateral absence of the vas defer-
ens (CBAVD). Males with CBAVD are azoospermic and
have an increased frequency of mutations in one or both
CFTR alleles or an incompletely penetrant mutation (the
intron 8 variant 5T allele) in a noncoding region of CFTR.
These men usually have no pancreatic disease and may
have normal, borderline, or elevated sweat electrolytes. A
small subset of patients with “atypical” CF have chronic
Pseudomonas bronchitis, normal pancreatic function, and
normal or intermediate sweat electrolytes.

Treatment for CF patients is palliative and includes chest
percussion to clear secretions, control of infections by
antibiotic therapy, and improvement of nutrition through
pancreatic enzyme replacement. The goals of therapy are
maintenance of adequate nutritional status, prevention of
pulmonary and other complications, encouragement of
physical activity, and provision of adequate psychosocial
support.Although the development of new therapies for CF
based on correction of electrolyte transport is a major
research focus, there is no cure for CF.

A diagnosis of CF in a symptomatic or at-risk patient is
suggested by clinical presentation and confirmed by a
sweat test. In the presence of clinical symptoms (e.g., recur-
rent respiratory infections), a sweat chloride level above 
60 mmol/L is diagnostic for CF. Although the results of
this test are valid in a newborn as young as 24 hours, col-
lecting a sufficient sweat sample from a baby younger than
3 or 4 weeks old is difficult. The sweat test also confirms
the diagnosis in older children and adults but is not useful
for carrier detection.

Since the identification of the CFTR gene, more 
than 1,400 mutations and more than 200 sequence variants
have been identified; a complete list can be found at
http://www.genet.sickkids.on.ca. Only one mutation is
extremely frequent, ∆F508. This mutation is a 3–base pair
(bp) deletion in exon 10 that occurs on approximately 70%
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Molecular Basis of Disease
Cystic fibrosis (CF) is the most common lethal autosomal
recessive disease in whites, with an estimated incidence of
1 in 2500 to 3300 live births. Approximately 30,000 children
and adults in the United States are affected and approxi-
mately 850 individuals are newly diagnosed annually, the
majority less than 1 year old. For a current, comprehensive
review of clinical CF and molecular diagnostics for this dis-
order, see http://www.genetests.org/.

The gene mutated in CF, the Cystic Fibrosis Transmem-
brane Conductance Regulator (CFTR), spans approxi-
mately 230 kilobases (kb) on chromosome 7q31.2, contains
27 coding exons, produces a 6.5 kb mRNA product, and
encodes a CFTR protein of 1480 amino acids with a mass
of ~170,000 daltons. The protein CFTR is in the ATP-
binding cassette family of transporter proteins, containing
five domains: two membrane-spanning domains, a regula-
tory domain, and two nucleotide-binding domains that
interact with adenosine triphosphate (ATP). Mutations that
lead to an abnormal CFTR protein cause defective elec-
trolyte transport and defective chloride ion transport in
apical membrane epithelial cells, affecting the respiratory
tract, pancreas, intestine, male genital tract, hepatobiliary
system, and exocrine system, resulting in complex multi-
system disease.

CF is characterized by viscous mucus that occurs from
faulty transport of sodium and chloride, which leads to 
salt loss, and affects water content of the extra-
cellular space. CF has a highly variable presentation and
clinical course. The clinical features of “classic” CF are
dominated by pulmonary disease. The median age of diag-
nosis is 6 to 8 months, and nearly two thirds of affected
individuals are diagnosed by the age of 1 year. Recurrent
infections that lead to respiratory failure are the major
cause of morbidity. Approximately 90% of CF patients die
from pulmonary complications with an overall average
survival of 30 years.

Approximately 85% of CF patients have pancreatic
insufficiency as a result of obstruction of the pancreatic
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of CF chromosomes worldwide; thus, approximately half of
CF patients are ∆F508 homozygotes. The majority of muta-
tions are private, occurring only in single families, or rare.
G542X is the most frequent mutation in whites after ∆F508,
occurring at a frequency of 2% among CF chromosomes.
The variety and allelic frequency of CFTR mutations vary
by ethnic group; for example, the most frequent mutation
on Ashkenazi Jewish CF chromosomes is W1282X, and,
in this population, ∆F508 is present on only 30% of CF
chromosomes.

Clinical Utility of Testing

CF mutation analysis is useful for a variety of clinical indi-
cations, including diagnosis, newborn screening, prenatal
diagnosis for at-risk pregnancies, and carrier detection.
The vast majority of laboratory tests are for carrier detec-
tion and risk revision.

Mutation analysis is a useful adjunct to sweat testing for
diagnosis of CF, particularly for patients with borderline
sweat tests, patients with atypical clinical presentations
with normal sweat electrolytes, and at-risk newborns for
whom sufficient quantities of sweat cannot be collected.
Mutation analysis of a diagnosed proband also is useful for
identifying the familial mutation for carrier testing of at-
risk relatives. Both genetic and sweat testing are used as
follow-up to immunoreactive trypsinogen-level testing in
newborn screening programs.

Targeted mutation analysis is used for prenatal testing of
pregnancies with a 1-in-4 risk for which both mutations
have been identified in the two carrier parents. Prenatal
testing often is offered in a lower-risk pregnancy present-
ing in the second trimester on ultrasound with fetal
echogenic bowel (EB). EB is associated with an increased
risk for CF in the absence of a positive family history. The
risk for CF varies between 2% and 20% depending on the
grade of the EB. Mutation analysis of the parents of a fetus
with EB may reveal that both are carriers, but most often
neither or only one parent is a heterozygote. Prenatal 
diagnosis can determine that a heterozygous parent 
has transmitted an identified mutation, but there is no 
additional testing that can further clarify the fetal CF
status. In such cases, Bayesian analysis with incorpora-
tion of the grade of EB is used to modify the risk. In 
practice, scant clinical information, including the grade of
the EB, is provided to the clinical laboratory. Furthermore,
some clinicians submit a fetal sample without testing 
the parents, and formal genetic counseling may not be 
offered to the couple until the laboratory testing has been
completed.

Prior to the cloning of the CFTR gene, couples learned
that they were both CF carriers upon the birth of an
affected child. No robust assays were available to assess a
subsequent 1-in-4-risk pregnancy. Now, the most common
indication for mutation analysis is direct heterozygote
detection for carrier risk revision.

In 1997, a National Institutes of Health (NIH) Consensus
Development Conference recommended CF carrier testing
for all couples planning a pregnancy, regardless of family
history. However, at that time, there was no standardization
of CF testing among laboratories and no commercially avail-
able reagents or kits. The largest challenges to development
of standardized mutation panels were the ethnic diversity
and admixture of the US population, which complicated the
selection of mutations for a standardized screening panel.
Using available data from more than 20,000 CF patients, the
American College of Medical Genetics (ACMG) and the
American College of Obstetrics and Gynecology (ACOG)
recommended a panethnic panel of 23 mutations that occur
at a frequency of >0.1% in any of the major US ethnic
groups, plus reflex testing for four additional sequence 
variants under specified conditions (see Reference 1 and
http://www.acmg.net/resources/policies/pol-005.asp).
Simultaneously, these organizations developed and distrib-
uted an educational document entitled “Preconceptual and
Prenatal Carrier Screening for Cystic Fibrosis” to the mem-
berships of ACMG and ACOG. Thus, CF carrier screening is
now the standard of care in the United States.

The ACMG/ACOG minimum core mutation panel is
shown in Table 10-1. While intended to be panethnic, it
detects primarily mutations that are most frequent in the
Ashkenazi Jewish and the non-Hispanic European white
populations. Detection frequencies also are provided for
the Hispanic (an admittedly mixed ethnic group) and black
populations, but mutation detection frequency is unknown
for individuals of Asian descent. The use of more extended
mutation panels is not recommended by ACOG and ACMG
for routine carrier screening. However, a report by Heim et
al.,2 published immediately after the current testing rec-
ommendations, suggests that a panel of 64 mutations yields
better coverage in all ethnic groups.

Reflex testing for the intron 8 5T/7T/9T sequence varia-
tion is specifically recommended for R117H positives, since
5T versus 7T or 9T in cis increases CF severity in a com-
pound heterozygote with a second CF mutation. Since

Table 10-1. Recommended Core Mutation Panel for General
Population CF Carrier Screening

Standard Mutation Panel

G85E ∆F508 R560T R1162X
R117H R334W 1717(−1) 1898(+1) 3659delC

G→A G→A
621(+1) R347P G542X 2184delA 3849(+10kb)

G→T C→T
711(+1) A455E G551D 2789(+5) W1282X

G→T G→A
∆I507 R553X 3120+(1) N1303K

G→A

Reflex Tests

intron 8 5T/7T/9T, I506V, I507V, F508C
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some methodologies do not distinguish between ∆F508
and other alterations in close proximity, a second reflex to
three exon 10 sequence variants (F508C, I506V, and I507V)
is recommended when unexpected ∆F508 or ∆I507
homozygosity is detected to avoid reporting of false-
positive results due to interference by these surrounding
polymorphisms.

The ACMG/ACOG panel is not designed for diagnostic
testing of CF patients or men with CBAVD. A larger muta-
tion panel may provide increased detection for sympto-
matic patients. The intron 8 5T allele has been associated
with CBAVD, but the intron 8 variation is not in the rec-
ommended screening panel because the 5T allele is no
associated with classic CF.3

The ACMG/ACOG panel is expected to evolve as new
data emerge, but the total number of recommended muta-
tions will not substantially increase. As described at
http://www.acmg.net/ the American College of Medical
Genetics originally recommended a carrier screening
panel of 25 mutations that was later decreased to 23. The
I148T mutation was deleted based on non-pathogenocity
and 1078delT also was dropped from the screening panel
based on infrequency.

Available Assays

Prior to 2001, professional recommendations limited 
CF carrier testing to individuals with a family history and
their partners. Testing laboratories offered laboratory-
developed assays using standard platforms, including
reverse and forward dot blot, polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP)

analysis, oligonucleotide ligation assays (OLA), sequence
specific primer–polymerase chain reaction (SSP-PCR),
various methods for exon scanning, and sequencing. Tech-
niques reported by 50 laboratories that participated in a
proficiency testing survey from the ACMG/College of
American Pathologists (CAP) in 2002 were probe
hybridization (38%), OLA (26%), PCR-RFLP (18%), SSP-
PCR (16%), sequencing (16%), mutation scanning (8%),
and other (26%).

Currently, there are several available analyte-specific
reagents (ASRs). Clinical CF tests using these ASRs are con-
sidered laboratory-developed tests and must be validated
by the laboratory prior to implementation. Technical 
standards and guidelines for CF mutation testing have
been published by the ACMG5 and are available at
http://www.acmg.net. These guidelines address the tech-
nology platforms used in commercial ASRs and labora-
tory-developed tests for CF mutations.

The available ASRs are summarized in Table 10-2 with
additional vendors anticipated to develop ASRs in the
future. All are robust and include at least the ACMG/ACOG
minimum core mutation panel, but vary considerably with
respect to criteria that laboratories consider for platform
adoption: reagent/royalty costs, footprint of instrumenta-
tion, throughput, flexibility, and data analysis. All but the
Invader platform are PCR based, requiring a royalty, which
varies among academic, hospital, and commercial labora-
tories; the PCR royalty is built into the Roche ASR. Reagent
costs per patient are significant for all of the ASRs. The
commercial ASRs are not likely to be submitted for FDA
approval in the foreseeable future until the ACMG/ACOG
mutation panel has undergone additional review.

The Nanogen and ABI platforms offer both semiauto-
mated detection and data analysis. Both require capital

Table 10-2. Commercially Available Analyte Specific Reagents

Vendor ABI Innogenetics Nanogen (San Orchid Roche Tm Third Wave
(Indianapolis, IN) (Ghent, Belgium) Diego, CA) Biosciences (Indianapolis, IN) Bioscience Technologies

(Abington, (Toronto, (Madison, WI)
Oxford, UK) Canada)

Platform PCR target PCR target PCR target ARMS target PCR target PCR target PCR and signal
amplification, amplification amplification, chip amplification amplification, amplification, amplification

OLA, and and reverse hybridization, and and reverse allele-specific and FRET
electrophoretic line blot and FRET electrophoretic line blot primer extension, detection
discrimination detection on discrimination hybridization to
of alleles an electronic universal tags,

microarray and sorting on
Luminex 100 
analyzer

Product or Oligo Inno-LiPA Nanochip Elucigene CF CF Gold TAG-IT CF40 InPlex
platform Ligation CFTR
name Assay

Format 16-capillary 12- and 17- 100-site chip Slab gel 31-mutation 96-well plate 96-well plate
sequencer mutation strip

strips

FRET, flourescence resonance energy transfer; PCR, polymerase chain reaction, ARMS, amplification refractory mutation system.
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purchase of an instrument that has a relatively large 
footprint. The assay format for both is flexible and easily
customized. Potentially, both are amenable to high
throughput testing and can be used as a consolidated work
platform for other assays.

The Roche and Innogenetics ASRs are reverse line blots
that are in widespread use because of early availability and
ease of validation in the laboratory. The Inno-Lipa detec-
tion system can be semiautomated using a customized
instrument. Both are amenable to low and high test
volumes but are closed platforms such that additional
mutations cannot be added by the laboratory. Current 
versions require manual analysis of the strip data, but 
both companies are developing automated data-analysis 
software.

Both the Roche and Innogenetics probe-hybridization
assays include the intron 8 5T/7T/9T variant and the exon
10 polymorphisms in the first-line assay, rather than as a
reflex test as recommended by ACMG and ACOG. However,
positioning of intron 8 variant probes at the bottom of
strips allows strips to be cut to remove the polyT probes
from first-line testing. Laboratories obtaining genotypes
for the intron 8 polyT variant for all patients are required
to report the results, as the technical guidelines require
reporting of all patient data. This may be useful for detec-
tion of males with CBAVD, since the 5T allele is associated
with this condition, but this allele is also present in 5% to
10% of the general population. Several physicians, not 
recognizing that this allele is benign in the absence of a
second mutation, have ordered amniocentesis for couples
for which both partners are mutation negative but one
member of the couple carries the 5T allele.5 Because
amniocentesis is not without risk, this is considered a
misuse of the data.

The Orchid ASR is a manual procedure that features gel-
based detection of sequence-specific primer (SSP) ampli-
cons. Although the amplifications are multiplexed, samples
from each patient are loaded into several gel lanes and, as
such, this closed platform may be best suited for lower-test-
volume laboratories.

The Tm Bioscience assay incorporates multiplex PCR
and multiplex allele-specific primer extension with a pro-
prietary Universal Tag sorting system on the Luminex 
100 xMAP platform. This is a high-throughput assay that
incorporates automated software analysis for genotype
calls.

The Third Wave Technologies assay requires only pipet-
ting steps and is easily automated using a liquid handler.
Thus, this assay is potentially low cost, requiring only a
fluorescent plate reader. Detection However, the assay is
unique among CF ASRs in that it combines limited cycles
of PCR and relies on signal amplification using the Invader
FRET technology. Because this assay format is not multi-
plexible, the detection steps are performed on a custom
“InPlex” card, in which reaction products are distributed
to wells of dried down reagents, each specific for the detec-
tion of a single mutant allele.

Interpretation of Test Results
Mutation analyses have only three possible results, detec-
tion of no, one, or two mutations. However, reporting of CF
results is complex because: (a) detection in a targeted
mutation assay is less than 100% and (b) there are many
interpretations for each of the possible results, depending
on the indication for the test and the ethnicity and family
history of the consultand.

For example, the finding of one mutation in an asymp-
tomatic patient demonstrates the consultand to be a carrier
but has a very different interpretation in a diagnostic
context. For a symptomatic patient, detection of one muta-
tion could mean that the patient is indeed a CF carrier;
however, this patient may also be a compound heterozygote
for one identified mutation and a second unidentified
mutation that is either private or rare.

Most laboratories offer CF tests using a single orderable
test code. Prenatal tests are easily identified based on the
fetal sample type (amniocytes or chorionic villus biopsies),
but it is not easy to distinguish carrier from diagnostic test
orders, since both use whole blood specimens. This issue
can be addressed by offering clients three separate test
codes for each of the three test indications: carrier, prena-
tal, or diagnostic testing.

The finding of two mutations in a diagnostic test
confirms a diagnosis of CF. However, genotype-phenotype
relationships are not well established enough that prog-
nostic statements can be made for the many different pos-
sible homozygous and compound heterozygous genotypes.
The interpretation of one or no detected mutations for a
symptomatic patient must include a recommendation for
diagnostic sweat electrolyte analysis.

Since the late 1990s, more than 95% of all CF tests are
for carrier screening. Although the finding of one mutation
in this context is straightforward, the majority of these
analyses are negative, with no mutations detected. In the
setting of a negative test result, the physician must be
informed that the revised carrier risk, while reduced 
from the prior risk, is a nonzero number because mutation
detection is incomplete. As shown in Table 10-3, prior and
revised carrier risks both are dependent on patient ethnic-
ity and family history. Prior carrier risks for patients
without a family history of CF are calculated from the
ethnic frequency of CF, which is highest among whites (1
in 25), lower in Hispanics (1 in 46), and blacks (1 in 62),
and lowest among Asians (1 in 90).

Prior carrier risks for patients with a positive family
history are based on pedigree analysis. Meaningful risks
vary from a high of 2 in 3 for an individual with an affected
sibling to a low of 1 in 16 for a patient with an affected
second cousin. The prior risk for a consultand with a more
distant affected relative is small relative to the population
risk.

Revised risks also are based on the frequency of the
tested mutations in the patient’s ethnic group. The data in
Table 10-3 illustrate that the frequency of mutation detec-
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tion using the ACMG/ACOG panel ranges from 97% for
individuals of Ashkenazi Jewish descent to 57% for His-
panics. Residual risks are not given for Asian patients
because these risks are not known. Risk revision is even
more complicated for individuals of mixed heritage.

Thus, responsible reporting for CF mutation test inter-
pretation includes risk assessment based on the indication
for the test, patient ethnicity, and family history. Often,
samples are referred for testing without patient informa-
tion and, since this information is not an interpretative
requirement for routine clinical tests, clients must be edu-
cated to provide it. A two-tiered approach for gathering
preanalytic information can be used. First, a specialized
requisition that solicits patient information can be used for
test ordering. When only partial or no information is
received on the requisition, a follow-up questionnaire can
be faxed to the client. Gathering patient information by
telephone is not recommended since such calls interrupt

workflow in the client’s office and also because the infor-
mation may not be readily available to the recipient of the
call. Using this system, sufficient information is obtained to
provide a patient-specific report for more than 85% of all
samples referred for carrier screening. Ethnicity and family
history are self-reported by patients, and inaccurate infor-
mation can be transmitted to the laboratory. It is not
unusual for a client to state that the patient is white, omit
the information that the patient is of Ashkenazi Jewish
descent, and simultaneously order several carrier tests for
Jewish recessive diseases. In such an instance, follow-up
with the client is required to clarify whether the patient is
or is not Jewish, and whether the patient’s partner is 
Jewish.

For negative carrier screens, the report can be tailored
to the patient’s specific ethnicity and family history when
this information is available (see Table 10-3), or a compre-
hensive report covering all possibilities is written when the
information is not provided. To emphasize to the ordering
physician the impact of patient information on the inter-
pretation, the report also contains the ethnic-family tables
shown in Table 10-3.

The published ACMG/ACOG recommendations1 include
well-written model laboratory reports for detection of no
or one mutation in a carrier context for individuals with a
negative personal and family history. These model reports
are also included in the educational materials that have
been distributed to the members of ACOG and ACMG.
They contain a field for patient ethnicity, but the interpre-
tation is not patient specific. In the model mutation-
negative report, the prior and revised carrier risks for all
ethnicities are presented in the interpretation field in a
tabular format. However, in the author’s opinion, it is
incumbent upon the laboratory to include specific inter-
pretive information about the patient in negative test
reports.

Laboratories can anticipate the most common reporting
formats and prepare standard template reports. In practice,
as many as 50 templates may be needed, which can then be
modified to the patient’s specific clinical situation with a
minimum number of keystrokes. This approach accom-
modates high test volumes while maintaining reporting
standards. A sample template report for the most common
report, a negative test for a patient with a negative family
history, is shown in Figure 10-1. Each report contains a
patient-specific risk and a statement that the carrier risk of
the consultand is reduced but that the risk for having a
child affected by CF is also a function of the partner’s
carrier status. In this way, the nonzero value of the 
revised risk for a negative test is emphasized as well as 
the interplay of the genotypes of both parents. Clients have
the choice of first testing only one member of the couple,
most often a pregnant woman presenting for prenatal care,
or testing both members of a couple simultaneously.

Although the ACMG/ACOG mutation panel is designed
for carrier screening for individuals without a family
history of CF, individuals with an affected relative 

Table 10-3. Prior and Residual CF Risks for Patients with a Neg-
ative Carrier Test

A. White, Ashkenazi Jewish: 97% Detection

Affected Relative Prior Risk Revised Risk

No affected relative 1 in 25 1 in 801
Sibling 2 in 3 1 in 18
Niece/nephew/half-sibling 1 in 2 1 in 34
Aunt/uncle 1 in 3 1 in 68
First cousin 1 in 4 1 in 101
First cousin, once removed 1 in 8 1 in 234
Second cousin 1 in 16 1 in 494

B. White, European: 90% Detection

Affected Relative Prior Risk Revised Risk

No affected relative 1 in 25 1 in 241
Sibling 2 in 3 1 in 6
Niece/nephew/half-sibling 1 in 2 1 in 11
Aunt/uncle 1 in 3 1 in 21
First cousin 1 in 4 1 in 31
First cousin, once removed 1 in 8 1 in 71
Second cousin 1 in 16 1 in 151

C. Hispanic: 57% Detection

Affected Relative Prior Risk Revised Risk

No affected relative 1 in 46 1 in 110
Sibling 2 in 3 1 in 2.2
Niece/nephew/half-sibling 1 in 2 1 in 3.3
Aunt/uncle 1 in 3 1 in 5.7
First cousin 1 in 4 1 in 8
First cousin, once removed 1 in 8 1 in 17
Second cousin 1 in 16 1 in 36

D. Black: 69% Detection

Affected Relative Prior Risk Revised Risk

No affected relative 1 in 62 1 in 198
Sibling 2 in 3 1 in 2.6
Niece/nephew/half-sibling 1 in 2 1 in 4.2
Aunt/uncle 1 in 3 1 in 7.5
First cousin 1 in 4 1 in 11
First cousin, once removed 1 in 8 1 in 23
Second cousin 1 in 16 1 in 50
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often are referred for carrier risk testing, and the same
screening mutation panel is used. A footnote can be pro-
vided in the negative-test report for a patient without a
family history for CF to alert the physician that residual
carrier risk after a negative test is modified by this history.
The footnote may also include a recommendation that the
physician refer patients with a positive family history for
genetic counseling and Bayesian calculation of revised
carrier risk. Several template reports may be needed for
patients with a positive family history and a negative test;
the variable portion of such a template is shown in Figure
10-2. All such reports include a patient-specific revised risk
calculation and a recommendation for genetic counseling;
the prior and residual risks for patients with a positive
family history are also shown in Table 10-3.

Often the affected family member has not been tested
and the familial mutation(s) is not known, or the mutation
has been identified but the information is not available to
the at-risk relative. In such cases, the report should state
that the familial mutation(s) is not known, provide a
patient-specific Bayesian risk, and make a specific recom-
mendation for testing the closest known carrier relative
(e.g., “We recommend that this patient’s father’s sister be
referred for mutation analysis to identify the familial muta-

tion.”). When the familial mutation(s) is known and ana-
lyzed, the residual risk for the consultand is very low, on
the order of the false-negative rate of the assay.

Reporting for most of the possible positive results in a
carrier test is straightforward and, as recommended by
ACMG/ACOG, should always contain a recommendation
for genetic counseling and a suggestion that at-risk relatives
also may benefit from genetic counseling and mutation
analysis for carrier risk revision. As recommended by
ACMG/ACOG, interpretation of positive results for the
R117H mutation should always be made in the context of
the patient genotype for the intron 8 5T/7T/9T sequence,
since expression of the R117H mutation in a compound
heterozygous child is variable, depending on the specific
genotypic combination. The R117H mutation is most severe
when on the same allele as the 5T variant. The reflex of an
unexpected ∆F508 homozygous result to testing for other
exon 10 sequence variations (I506V, I507V, and F508C) is
necessary to prevent false-positive results, since some detec-
tion platforms (e.g., probe hybridization) do not discrimi-
nate the ∆F508 mutation from these polymorphisms.

The laboratory also must be informed when partners are
tested, particularly when one or both are found to be car-
riers. Partners often have different last names, they may be
tested at different times or in different laboratories, or the
laboratory volume can be high enough that partners are
not recognized during CF testing. The nongeneticist physi-
cian usually can interpret a 1-in-4-risk for couples who are
both carriers, but may not have the experience to provide

CYSTIC FIBROSIS GENOTYPR®
TEST CODE 5356: CARRIER STUDY
SOUCE:
INDICATION:
ETHNICITY:
PRIOR CARRIER RISK:

RESULT:
REVISED CARRIER RISK:
INTERPRETATION: Molecular analysis revealed that this patient is negative for common
mutations that comprise PERCENT1%d of cystic fibrosis (CF) mutations in his/her ethnic group. lt
is our understanding that this patient has a negative personal and family history of CF.

Negative for the mutationns analyzed
RRISKc

Blood
Carrier screening, negative history
ETHNICITYa

PRISKb

The revised risk that this patient is a carrir, based on stated ethnicity, negative family and
personal history of CF, and thi negative mutation analtsis.is 1 in RRISKb (0.PECENT2%e ).
The risk that this patient will have a child with CF is decreased by this result. This risk, however,
is also dependent on the carrier status of his/her partner.

METHOD:
The CF Transmembrane Conductance Regulator Gene was tested for the presence of 25 mutations
that are recommended by the American College of Human Genetics for CF camier screening (G85E,
R117H, I148T, 621(+1)G>T, 711(+1)G>T, 1078delT, R334W, R347P, A455E, Delta 1507, Delta
F508, 1717(-1)G>A, G542X, G551D, R553X. R560T, 1898(+1)G>A, 2184delA, 2789(+5)G>A,
3120+(1)G>A, R1162X, 3659delC, 3849(+10kb)C>T, W1282X and N1303K) using the
polymerase chain reactions and allele-specific oligonucleotide hybridization. 6 polymorphisms
(intron 8 5/7/9T, I506V, I507V, F508C) were also tested.

GENERAL DISCLAIMER: DNA studies do not constitute a definitive carrier test for CF in all
individuals. Thus, interpretation is given as a probability. Risk calculation requires accurate family
history and ethnicity information. While DNA analysis is highly accurate, technical sources of error
include rare genetic variants that interfere with the analysis.

This test or one or more of its components was developed and its performance characteristics
determined by Specialty Laboratories.It has not been cleared of approved by the U.S. Food and
Drug Administration (FDA). The FDA has determined that such clearance or approval is not
necessary. This test is used for clinical purposes. It should not be regarded as investigational or
for research. This laboratory is certified under the Clinical Laboratory Improvement Amendments
of 1988 (”CLIA”) as qualified to perform high-complexity clinical laboratory testing.

Laboratory results and interpretation reviewed by jean Amos, PhD FACAG

Figure 10-1. Template report for a patient without a family history of CF and a nega-
tive test. a, the patient’s ethnicity as listed in Table 10-3 (a different template is used
when the patient’s ethnicity is Asian, not provided, or complex); b, the prior risk as listed
in Table 10-3, no affected relative; c, the revised risk as listed in Table 10-3, no affected
relative; d, the mutation detection in the specific ethnic group as listed in Table 10-3; e,
the revised risk, expressed as a percentage.

CYSTIC FIBROSIS GENOTYPR®
TEST COD 5356: CARRIER STUDY

SOURCE:
INDICATION:
ETHNICITY:
PRIOR CARRIER RISK:

RESULT:
REVISED CARRIER RISK:
Additional studies and genetic counseling are recommended; see interpretation.

INTERPRETATION: This patient has a family history of cystic fibrosis (CF). We are not aware
whether any members of the family have had mutation analysis. Thus, the familial mutation(s) are
currently unknown. Based on family history, the prior risk that he/she is a CF carrier is PRISKc

It would be possible to further revise this patient’s camier risk if the familial mutation(s) were
identified. To this end, we recommend that this patient,s RELATIVEg, who is an obligate CF
carrier, be referred for mutation analysis.

The risk that this patient will have a child with CF is decreased by this result. This risk, however,
is also dependent on the carrier status of his/her partner. We recommend that this patient and
partner be referred for genetic counseling.

Molecular analysis revealed that this patient is negative (normal) with respect to common
mutations which comprise PERCENT1e% of CF mutations in his/her ethnic group. Based on
positive family history, ethnicity, and this negative mutation analysis, the revised risk that he/she
is a CF carrier is RRISKd (0.PERCENT2f%).

Blood
Positive family history; DETAILSa

ETHNICITYb

PRISKc; familial mutation unknown

Negative for the mutations analyzed
RRISKd

Figure 10-2. Template report for a patient with a family history of CF and a negative
test. a, a phrase that describes the closest carrier relative, for example, “patient’s mother’s
sibling is reportedly an obligate carrier”; b, the patient’s ethnicity as listed in Table 10-3
(a different template is used when the patient’s ethnicity is Asian, not provided, or
complex c, the prior risk based on pedigree analysis, as listed in Table 10-3; d, the revised
risk, as listed in Table 10-3; e, the mutation detection in the specific ethnic group, as listed
in Table 10-3; f, the revised risk, expressed as a percentage; g, the specific relative rec-
ommended to be tested, for example, “mother’s sibling.”
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a fetal risk assessment when only one member of the
couple is a carrier. Here, the referral for genetic counseling
is critical for the single carrier couple. Heathcare providers
are very likely to inform the laboratory that one member
of the couple has already tested positive when referring the
second member for testing, but less likely to alert the lab-
oratory when the couple is tested simultaneously. Again,
this information can be solicited on the requisition and
follow-up questionnaire, but this is the most difficult pre-
analytic information to obtain. Healthcare providers need
additional education to enhance the probability that they
will provide accurate and complete information needed for
interpretation of CF test results. Clients must be educated
to provide this information so that residual risks to a
current or future pregnancy can be stated in the report.
Residual fetal risks for couples in a variety of testing cir-
cumstances are available in the technical standards and
guidelines for CF mutation testing (http://www.acmg.net).

Couples with negative or positive test results may have
an affected child in the setting of one parent with a known
mutation and the other parent with a rare mutation that is
not included in any CF mutation test panel. These births
are not avoidable using current technology. Anecdotal
reports from the genetic counselors that have seen these
patients after the unexpected diagnosis after birth inform
us that the couple was not aware of their residual risk 
after carrier testing. Genetic counseling for couples 
with one identified CF mutation prior to conception or
birth of a child would provide this information to 
couples.

CF carrier screening is the first large genetic screening
program based on DNA analysis in the United States. Little
data is available regarding the nongeneticist physician’s
ability to interpret a complex laboratory report, communi-
cate the results and interpretations to his or her patients, and
make appropriate management decisions. The success of
this program will depend on many factors, the most 
important of which is physician education to react appro-
priately to the complex scenarios that occur in patients and
couples.

Laboratory Issues

Several kits for CF testing are commercially available.
However, none of the ASRs include controls except the
Third Wave Technologies Invader test, which does include
some oligonucleotide controls. A complete set of controls
for the ACMG/ACOG panel is not commercially available.
The Coriell Cell Repository offers a set of DNAs that 
contains a complete set of the mutations in the ACMG/
ACOG panel. The repository also has DNA available for two
of the three reflex polymorphisms, F508C and I506V, but
not for I507V. Thus, laboratories will have difficulty vali-
dating assays using genomic DNA controls, and artificial
controls will not be as useful for platforms that rely on elec-
trophoretic separations. Availability of a public source of
controls for all the mutations in the ACMG/ACOG muta-
tion panel which is kept current with changes in the rec-
ommended mutation panel would be extremely useful for
clinical laboratories. A proficiency testing program for CF
is available from the CAP and is jointly administered by the
ACMG and CAP.
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Chapter 11
Deafness
Richard J.H. Smith and Guy Van Camp

Molecular genetic testing offers a potential means to
unequivocally diagnose inherited deafness. Allele variants
of many genes are known to cause hereditary deafness;3

however, extreme heterogeneity and the relatively small
contribution each gene makes to the total deafness genetic
load make it impractical to offer complete mutation
screening of all genes known to cause inherited deafness.
Currently, clinical mutation screening is offered for three
genes that cause nonsyndromic hearing loss and deafness
(DFNB), GJB2, SLC26A4, and WFS1, and one gene that
causes syndromic deafness, EYA1. The clinical utility of
screening GJB2 and SLC26A4 is based on three facts. First,
both genes cause types of deafness that are difficult to diag-
nose without genetic testing (GJB2 for DFNB1; SLC26A4 for
DFNB4 and Pendred syndrome); second, the relative con-
tribution of these two genes to the total genetic deafness
mutation load is high; and third, both genes are relatively
easy to screen by molecular methods. Mutation screening
of WFS1 (nonsyndromic autosomal dominant deafness,
DFNA6/14) is offered because the audioprofile of affected
persons is unique, and in the case of EYA1, the occasional
association of branchio-oto-renal syndrome with prenatal
lethality has been the impetus to develop molecular genetic
testing. In this chapter, genetic testing of these four genes
is reviewed.

DFNB1(GJB2)

Molecular Basis of Disease

In 1994, Guilford et al. mapped the first locus for ARNSD
to chromosome 13q12-13 and named it DFNB1 (Online
Mendelian Inheritance in Man [OMIM; database online]
#220290).4 Three years later, the deafness-causing gene at
this locus was identified as GJB2.5 GJB2 encodes a 
transmembrane protein called Connexin 26 (Cx26) that
oligomerizes with five other connexins to form a con-
nexon. Connexons in adjoining cells join to form gap junc-
tions, or conduits, that facilitate the rapid exchange of
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Introduction

Recent advances in the molecular biology of hearing and
deafness are being transferred from the research labora-
tory to the clinical arena. This transfer of knowledge is
enhancing patient care by facilitating the diagnosis of
hereditary deafness. Traditionally, hereditary deafness has
been distinguished from nongenetic causes of deafness by
otologic, audiologic, and physical examinations, comple-
mented by a family history and ancillary tests such as 
temporal bone computed tomography, urinalysis, thyroid
function studies, ophthalmoscopy, and electrocardiogra-
phy. Even using this test battery, an unequivocal distinction
between genetic and nongenetic causes of deafness often is
difficult. If comorbid conditions are identified, the deafness
may fall into one of more than 400 recognized types of
syndromic hearing loss, but if hearing loss segregates as
the only abnormality, diagnosing the deafness as nonsyn-
dromic and inherited is challenging.1

The relative contributions of syndromic and nonsyn-
dromic deafness to the total deafness genetic load vary
with age of ascertainment. Because syndromes are gener-
ally straightforward to recognize, most are noted at birth.
In aggregate, syndromes account for about 30% of prelin-
gual deafness. The majority of congenital hereditary 
deafness, however, is nonsyndromic, and this relative 
contribution increases with age, reflecting the greater
occurrence and diagnosis of postlingual nonsyndromic as
compared to postlingual syndromic deafness in late child-
hood and adulthood.

In many cases, the diagnosis of autosomal recessive non-
syndromic deafness (ARNSD) is a diagnosis of exclusion.
Current data suggest that even with a thorough history 
and physical examination, in simplex families (only one
affected child) errors in diagnosis are made one third of
the time; that is, a child is diagnosed with ARNSD when the
correct diagnosis is congenital acquired deafness.2 This
type of error precludes appropriate genetic counseling and
can be a source of concern and anxiety for the family.
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electrolytes, second messengers, and metabolites from one
cytoplasm to another.6 Interestingly and unexpectedly,
mutations in Cx26 have been found in approximately 50%
of persons with severe-to-profound congenital ARNSD in
several worldwide populations.7–11

Immunohistochemical studies of Cx26 expression in rat
cochleae have demonstrated that two groups of cells are
interconnected via gap junctions. The first group, nonsen-
sory epithelial cells, includes interdental cells of the spiral
limbus, inner and outer sulcus cells, sensory supporting
cells, and cells within the root process of the spiral liga-
ment. The second group, the connective tissue cell gap
junction system, includes fibrocytes within the spiral liga-
ment and spiral limbus, basal and intermediate cells of the
stria vascularis, and mesenchymal cells, which line the
scala vestibule and interconnect the two populations of cell
types. Expression of Cx26 in the vestibular labyrinth is
similar.12,13 These studies suggest that the Cx26 gap junc-
tion system plays a role in potassium recycling, facilitating
the rapid transport of K+ ions through the supporting cell
network to the stria vascularis, thereby helping to maintain
the unique potassium-sodium endolymph balance.14

Although more than 80 different deafness-causing allele
variants of GJB2 have been reported,15 in populations of
European descent a single mutation predominates, 35delG.
This mutation reflects the deletion of one deoxyguanosine
from a string of 6, resulting in a shift in reading frame and
premature protein truncation. Based on an analysis of
single nucleotide polymorphisms (SNPs) tightly linked 
to the 35delG mutation, this mutation segregates on a
common haplotype background and arose as a result of a
founder effect about 10,000 years ago.16

Today, the carrier frequency for the 35delG mutation in
the midwestern United States is approximately 2.5%, and
in this population roughly two thirds of persons with 
Cx26-related deafness are 35delG homozygotes.2,17 Of the
remaining persons with Cx26-related deafness, most are
35delG heterozygotes, and carry a second, noncomplemen-
tary mutation. Consistent with a founder origination is the
observation that in some populations the 35delG mutation
is rare. For example, in the Ashkenazi Jewish and Japanese
populations, the 167delT and 235delC mutations, respec-
tively, are most common.18,19

Clinical Utility of Testing

Establishing a molecular diagnosis of GJB2-related deaf-
ness is important clinically since children with this type of
deafness can avoid further diagnostic tests and are not at
increased risk for medical comorbidity. Bony abnormali-
ties of the cochlea are not part of the deafness phenotype,
and developmental motor milestones and vestibular func-
tion are normal.11,20,21 The rare exceptions include a child
with bony cochlear overgrowth noted at surgery,22 a child
with asymmetry of the right modiolus,22 a child with
vertigo, migraine, and unilateral weakness,11 and a child

with marked prematurity and maturational vestibular
weakness.21

GJB2-related deafness occasionally cosegregates with a
skin abnormality characterized by hyperkeratosis of the
palms and soles, often with peeling, known as palmoplan-
tar keratoderma (PPK), but this occurrence is rare 
and is associated only with specific GJB2 allele variants.23

Vohwinkel syndrome (VS), a specific form of PPK and
deafness caused by the D66H mutation, has the additional
component of autoamputation secondary to bandlike cir-
cumferential constrictions of the digits.24 However, as a
general rule, comorbid conditions are uncommon with
GJB2-related deafness, and vision, intelligence, electrocar-
diography, and thyroid function are normal.2,11,25,26

Genetic screening of GJB2 to establish a diagnosis of
DFNB1 does have important limitations. First among these
are the limitations in genetic testing itself.27 Although GJB2
is a small gene with only a single coding exon, the more
than 80 different allele variants associated with ARNSD are
scattered throughout the gene, making mutation screening
of the entire coding sequence essential. In spite of this 
thorough approach, the identification of a single deafness-
causing allele variant is not uncommon, implying the 
presence of a “missed” mutation in a noncoding region or
coincidental carrier status in a person with deafness of
another etiology.

A second limitation is limited genotype-phenotype cor-
relation for predicting the degree of deafness. Among
persons with Cx26 deafness, the degree of deafness can
vary from mild to profound (mild [<40 dB], 1.7%; moder-
ate [40–55 dB], 10.3%; moderately severe [56–70 dB], 7.8%;
severe [71–90 dB], 30.2%; profound [>90 dB], 50.0%), even
among persons with the same mutations.2,11,19,28,29 Typically,
the audiogram has a downsloping or flat pattern.21

Selective midfrequency loss is rare,28 and selective low-
frequency loss has not been described. Symmetry between
ears is normal, although one fourth of individuals have
intra-aural differences of up to 20 dB.11,20 The loss tends to
be stable, with neither improvement in hearing nor fluctu-
ation in hearing level over the long term.21

Available Assays

A number of mutation detection strategies can be used to
screen GJB2 for nucleotide changes, including restriction
enzyme digestion, allele-specific polymerase chain reac-
tion (AS-PCR) analysis, single-strand conformation poly-
morphism (SSCP) analysis, heteroduplex analysis (HA),
denaturing high-performance liquid chromatography
(DHPLC), and direct sequencing. Of these methods, SSCP
and HA were among the first methods to be used to detect
genetic polymorphisms and remain very popular because
of their simplicity. However, the gold standard for estab-
lishing the identity of unknown nucleotide sequences is
direct sequencing.
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Interpretation of Test Results

The theoretical sensitivity of GJB2 mutation screening
based solely on AS-PCR detection of the 35delG mutation
(defined as the subportion of the population with GJB2-
related deafness and the 35delG mutation divided by the
total population with GJB2-related deafness) has been 
calculated at 96.9% (range, 95.4% to 98.0%).2 Calculated
specificity (defined as the subportion of the population
with GJB2-unrelated deafness not coincidentally carrying
the 35delG mutation divided by the population with GJB2-
unrelated deafness) is equally high at 97.4% (range, 97.0%
to 98.0%). The observed sensitivity and specificity of 94%
and 97%, respectively, are comparable to these values.2

These calculations assume that the population is ran-
domly mating with respect to GJB2. The existence of
population substructure, particularly endogamous sub-
populations, results in a decreased proportion of heterozy-
gotes (Wahlund’s effect), with an overestimation of
sensitivity for the population as a whole. Other assump-
tions made in these calculations include complete pene-
trance, lack of ascertainment bias (i.e., equal referral rates
regardless of genotype), and negligible heterozygote selec-
tion advantage, spontaneous mutation rate, and migration
effects. Deviation of the actual population from Hardy-
Weinberg equilibrium due to these factors is likely to be
minimal and does not affect the order of magnitude of the
figures obtained, with the possible exception of assortative
mating among the deaf.2

This mutation screening strategy of 35 delG mutation
testing, however, misses GJB2-related deafness caused by
non-35delG allele variants. More comprehensive mutation
screens are based on DHPLC or direct sequencing. We have
tested the sensitivity of DHPLC by screening a panel of 55
individuals carrying 52 combinations of 48 distinct GJB2
sequence variants. Amplicons were analyzed at 62°C, 60°C,
and 58°C to increase DHPLC detection efficiency, since all
mutations cannot be detected at 62°C (L90P and I230T are
not detected at 62°C). DHPLC wave profiles were analyzed
for differences in shape and retention time compared to
wild-type samples in four separate runs to test detection
repeatability. On this basis, we have found DHPLC more
sensitive at detecting GJB2 allele variants than SSCP analy-
sis, the comparative detection rates being 98.1% and 82.3%,
respectively. Other authors have reported the sensitivity of
DHPLC to range from 95% to 100%.30–33

Laboratory Issues

Determination of GJB2-related deafness is dependent on
the identification of mutations in the DNA of affected indi-
viduals. Mutation screening of only exon 2 of GJB2 by any
technique is incomplete because there are two common 
noncoding, noncomplementary DFNB1-causing mutations
that must be considered in persons heterozygous for a
known GJB2 deafness-causing allele variant. These muta-

tions are the intron 1 splice donor mutation (IVS1+1G→
A) and the large 5′ 342 kilobase (kb) deletion that includes
a portion of GJB6 and an additional upstream sequence
(∆[GJB6-D13S1830]). Based on the relative frequency of
GJB2 allele variants in the general population, the fre-
quency of noncoding GJB2 mutations associated with 
deafness at the DFNB1 locus, and phenotype-genotype 
correlations,2 the existence of at least one additional muta-
tion associated with the DFNB1 phenotype that is outside
the coding region of GJB2 is predicted.

For mutation screening by DHPLC, we use the acetoni-
trile gradient and partial denaturing temperature pre-
dicted by Wavemaker software, but add analysis 2°C above
and below the predicted temperature to detect all possible
mutations. To increase column life, cleanup and equilibra-
tion durations are extended and hot washing of the column
is performed every 200 injections. DHPLC standards are
run every 200 injections to confirm column reliability,
since the ability of the column to detect standards is
directly related to its ability to detect sequence variants in
GJB2 and other genes of interest. Water quality is checked
by testing resistivity and total organic content. The purity
of PCR products is verified by analyzing a sample at 50°C
prior to analysis at partial denaturing conditions on the
DHPLC.

PENDRED SYNDROME AND DFNBH (SLC26A4)

Molecular Basis of Disease

Mutations in SLC26A4 (formerly known as PDS) cause
Pendred syndrome (PS; OMIM #274600), an autosomal
recessive disorder characterized by sensorineural deafness
and goiter.34 The deafness is congenital and associated with
temporal bone abnormalities that range from isolated
enlargement of the vestibular aqueduct (dilated vestibular
aqueduct, DVA) to Mondini dysplasia, a more complex mal-
formation that also includes cochlear hypoplasia, an
anomaly in which the normal cochlear spiral of 2.5 turns
is replaced by a smaller coil of 1.5 turns. Both DVA and
Mondini dysplasia are easily recognized by computed
tomography or magnetic resonance imaging.35

The thyromegaly in PS is the result of multinodular
goitrous changes in the thyroid gland that develop in the
teenage years,36 although affected persons typically remain
euthyroid with elevated serum thyroglobulin levels. The
perchlorate discharge test is often abnormal. In this test, a
person is given radiolabeled iodide and its localization to
the thyroid is measured. Potassium perchlorate, a compet-
itive inhibitor of iodide transport into the thyroid, then is
administered. Normally, the amount of iodide in the
thyroid will remain stable, reflecting rapid oxidation of
iodide to iodine as it is incorporated into thyroglobulin.
However, in a person with PS, iodide transport into 
the thyrocyte is delayed and so when perchlorate is 
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administered and blocks the sodium-iodide symporter,
cytoplasmic iodide leaks back into the bloodstream. This
back leakage is quantifiable as a change in thyroid radioac-
tivity, with a positive result reflecting a drop in radioactiv-
ity of greater than 10%.37

In addition to PS, mutations in SLC26A4 cause DFNB4
(OMIM #600791), a type of autosomal recessive nonsyn-
dromic deafness in which, by definition, affected persons do
not have thyromegaly.38 No other physical abnormalities
cosegregate with the deafness, although abnormal inner ear
development, and in particular DVA, can be documented by
temporal bone imaging. Together, DFNB4 and PS are esti-
mated to account for 1% to 8% of congenital deafness.

Functional studies suggest that some of the observed
differences between PS and DFNB4 are due to the degree
of residual function of the encoded protein pendrin. While
the function of pendrin is not fully determined, by homol-
ogy it is thought to function in the transport of negatively
charged particles (particularly chloride, iodide, and bicar-
bonate) across cell membranes. Mutations that abolish all
transport function are more likely to be associated with the
PS phenotype, while retained minimal transport ability
appears to prevent thyroid dysfunction, although sen-
sorineural deafness and temporal bone anomalies still
occur, as in DFNB4.39

Many clinical studies have demonstrated intrafamilial
variability, at times making the distinction between DFNB4
and PS difficult. The perchlorate discharge test is not a reli-
able test to resolve phenotypic ambiguities and is not con-
sistently positive.36 For example, in one family with two
affected siblings, one child demonstrated the classic fea-
tures of PS with severe-to-profound deafness, goiter, and a
positive perchlorate discharge test, but the other child had
only mild sensorineural deafness and no goiter.40 In
another study in which six individuals had confirmed PS,
only three had a positive perchlorate washout of greater
than10%.41

In a large clinical study of SLC26A4 mutations in rela-
tion to temporal bone abnormalities, deafness-causing
mutations were demonstrated in approximately 80% of
multiplex families segregating DVA or Mondini dysplasia
but in only 30% of simplex families.42 These data suggest
that allele variants of SLC26A4 are a major genetic cause of
these temporal bone abnormalities.

Since thyroid enlargement is an unreliable clinical indi-
cator of disease and the perchlorate discharge test can be
ambiguous, several investigators have recommended
genetic testing of SLC26A4 to establish a clinical diagno-
sis.36,42 To date, 62 mutations have been reported in a total
of 116 families.43 Most of these mutations have been
reported in only single families; however, 15 mutations are
more common, and four (L236P, IVS8+1G→A, E384G, and
T416P) account for approximately 60% of the total PS
genetic load.42 This broad spectrum of deafness-causing
allele variants means that mutation screening of SLC26A4
must include an analysis of all 20 protein-encoding exons
(2–21) in addition to the splice donor site of exon 1.

Clinical Utility of Testing

Clinical data suggest that the major genetic cause of DVA
and Mondini dysplasia is mutations in SLC6A4.42 Because
simplex cases include both genetic and nongenetic causes
of DVA and Mondini dysplasia, a corollary is that most spo-
radic cases of DVA (~80%) and many sporadic cases of
Mondini dysplasia (~40%) are not genetic and therefore
are unlikely to recur in a family. This fact can be used to
modify recurrence risks.

There is no concordance between specific SLC26A4 allele
variants and audiogram configuration,42 although some
mutations may be associated more frequently with specific
temporal bone anomalies. For example, Masmoudi et al.
studied two families segregating for L445W and found that
while affected persons showed phenotypic variability with
respect to thyroid disease, the temporal bone imaging
revealed only DVA.44

Available Assays

A number of mutation detection strategies can be used to
screen SLC26A4 for nucleotide changes, including SSCP,
HA, DHPLC, and direct sequencing. Because of its large
size, high-throughput mutation screening of SLC26A4 is
challenging. The application of SSCP and HA is relatively
insensitive and unnecessarily laborious, while direct
sequencing is expensive. These constraints have made
DHPLC an attractive alternative for mutation screening of
SLC26A4.

Interpretation of Test Results

To compare the sensitivity of SSCP and DHPLC for detection
of allele variants of SLC26A4, Prasad et al. screened a panel
of 55 individuals segregating 41 different sequence-verified
coding mutations. All 41 allele variants of SLC26A4 were
identified by DHPLC by their elution profile, for a detection
rate of 100%. Nineteen mutations were detected at all 
three partial denaturing temperatures, ten mutations were
detected at two of three temperatures, and 12 mutations were
detected at only one temperature. Of the four common muta-
tions, L236P and E384G showed discrete elution profiles at all
three temperatures, but T416P and IVS8+1G→A were
detected at only two and one temperatures, respectively.
Mutations were tested multiple times from different samples
to confirm test-retest reliability. Elution profiles of the four
most common SLC26A4 mutant alleles were distinct and
easily could be differentiated from one another.

SSCP detected 26 (63%) of these same allele variants. Of
the missed mutations, five (V138F, G209V, FS400, G672E,
H723R) have been reported in more than one family. Three
of the most common mutations (L236P, IVS8+1G→A,
T416P) were detected by SSCP, although detection of L236P
and IVS8+1G→A was not consistent.45



11. Deafness 129

The finding that DHPLC sensitivity for detecting
SLC26A4 allele variants is 100% is similar to results
reported by Taliani et al.33 for DHPLC screen of PROC, a
gene that encodes protein C, for variant identification.
More than 200 different mutations in this gene are associ-
ated with an increased susceptibility to venous throm-
boembolism.33 Other authors have reported the sensitivity
of DHPLC to range from 95% to 100%.30–32

Laboratory Issues

To ensure a high level of accuracy and reliability and to
optimize cost-effectiveness and turnaround time, a
number of testing parameters must be considered. Ampli-
cons should be maintained between 200 and 1,000 base
pairs for accurate DHPLC analysis, intronic primers should
be selected sufficiently far upstream and downstream of
splice sites, and PCR conditions must be optimized for
high-stringency exon amplification. Although the optimal
acetonitrile gradient and partial denaturing temperature
are determined using Wavemaker software, additional
testing must be performed 2°C above and below the pre-
dicted temperature to detect all possible mutations.

While other investigators have been able to correlate
DHPLC chromatogram profile with mutation type,33 this
correlation may be unreliable. The profile for a given
SLC26A4 allele variant differs from column to column and
even in the same column, based on column life and buffer
constitution. However, all heterozygote mutations are dis-
tinguished from wild-type samples. Because DHPLC does
not distinguish homozygote allele variants due to the lim-
itations inherent in HA, homozygotes can be detected by
analysis following pooling of the unknown samples with
sequence-verified wild-type DNA at a ratio of 2 : 1. By cou-
pling additional automated instrumentation with DHPLC,
high-throughput, accurate, reliable, and cost-effective
mutation screening of persons with a Pendred syn-
drome/DNFB4 phenotype is possible.

Detection of only a single mutation is more common for
testing of simplex families.42,46 In three multiplex families
segregating single mutations, Southern hybridization, and
real-time PCR have failed to identify abnormalities in the
“normal” allele, although all affected persons within a
family had the same parental “normal” allele.

WOLFRAM SYNDROME AND DFNA6/14 (WFS1)

Molecular Basis of Disease

Mutations in WFS1 cause autosomal dominant low-
frequency sensorineural hearing impairment (LFSNHI) at
the DFNA6/14 loci (OMIM #600965).47,48 Deafness is 
bilaterally symmetrical and affects frequencies below 
4,000 Hz; hearing is most impaired at the lowest 
frequencies, giving the DFNA6/14 audiogram an upsloping

configuration.49–52 DFNA1 also is characterized by LFSNHI,
but in contrast to DFNA6/14 deafness, DFNA1 deafness is
rapidly progressive and ultimately affects all frequencies.53

Progression of DFNA6/14 deafness is minimal, although
with aging the consequences of presbycusis result in
flattening of the audiogram.

Mutations in WFS1 also cause Wolfram syndrome, an
autosomal recessive disease characterized by diabetes
insipidus, diabetes mellitus, optic atrophy, and deafness,
giving rise to the acronym DIDMOAD for this disease.54,55

Minimal diagnostic criteria are diabetes mellitus and optic
atrophy, and in addition to diabetes insipidus and sen-
sorineural deafness, peripheral neuropathy, urinary-tract
atony, and psychiatric illness can occur. Remarkably, the
hearing loss in DIDMOAD syndrome is in the high 
frequencies.56,57

The observed phenotypic differences between
DIDMOAD and DFNA6/14 appear to have a genotypic cor-
relate. Sixty-five percent of persons with DIDMOAD carry
inactivating mutations in WFS1, suggesting that loss of
function of the encoded protein is causally related to
Wolfram syndrome; most of these mutations lie in pre-
dicted transmembrane domains. In contrast, all disease-
causing DFNA6/14 allele variants have missense mutations,
and with one exception these amino acid changes are in 
the fifth intracellular domain of WFS1.58,59 The protein
lacks significant homology to published DNA or protein
sequences, but secondary structure predictions suggest
that it is has nine helical transmembrane segments. Bio-
chemical studies suggest that wolframin is an endoglycosi-
dase H-sensitive membrane glycoprotein predominantly
located in the endoplasmic reticulum (ER).60 Although the
function of wolframin within the inner ear is unknown, it
may play a role in the canalicular reticulum, a specialized
ER that maintains intracellular ion homeostasis. Func-
tional studies are necessary to test this hypothesis and to
determine how different mutations in WFS1 give rise to dif-
ferent phenotypes.

Clinical Utility of Testing

WFS1 contains eight exons (exon 1 is noncoding), encom-
passes 33.4kb of genomic DNA, and transcribes a messen-
ger RNA (mRNA) of 3.6kb that encodes an 890 amino acid
protein with a predicted molecular mass of 100 kilodaltons
(kDa).54,55 Mutations in WFS1 are a major cause of LFSNHI
in families demonstrating an autosomal dominant segrega-
tion pattern; however, mutation screening of WFS1 in
simplex cases is unlikely to identify abnormal allele variants.

Available Assays

A number of mutation detection strategies can be used to
screen WFS1 for nucleotide changes, including DHPLC and
direct sequencing. A WFS1 mutation database is available
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to track the latest information on WFS1 mutations in
DIDMOAD and LFSNHI. This database lists all known
mutations and polymorphisms with corresponding refer-
ences.61 Electronic submission of new mutations and poly-
morphisms is encouraged.

Interpretation of Test Results

Only noninactivating mutations are found in LFSNHI, and
nearly all are located in the C-terminal region of the
protein, suggesting a dominant-negative effect.58 Although
no clear-cut genotype-phenotype correlation has been
drawn for DIDMOAD, homozygosity or compound het-
erozygosity for missense mutations is rarely found, and
when it does occur, affected persons have a relatively mild
phenotype that includes optic atrophy, diabetes mellitus,
and sometimes hearing impairment, but excludes diabetes
insipidus and other clinical findings. Persons carrying two
deletions, insertions, nonsense mutations, or splice site
mutations rarely have a mild phenotype.59

The disease spectrum in DIDMOAD has focused 
attention on the role of WFS1 in diabetes mellitus and 
psychiatric diseases. The R456H, H611R, and I720V allele
variants have been significantly correlated with type 1 dia-
betes mellitus in the Japanese, with a marginally significant
association between R456H and type 2 diabetes mellitus.62

Other case-control studies from the United Kingdom and
Spain appear to confirm the involvement of WFS1 in the
pathogenesis of type 2 diabetes mellitus.63,64 The exact role
of WFS1 in the etiology of diabetes is not known.

Laboratory Issues

Over 70 coding allele variants of WFS1 have been reported,
including synonymous and nonsynonymous changes.61

Many of these changes have been found in persons with
DIDMOAD and DFNA6/14, and cosegregate with known
disease-causing mutations. Those that have been detected
in controls are likely to be benign polymorphisms, but the
effect of other mutations (K193Q, L432V, L499F, G576S,
A559T, A671V, A684V, R708C, R818C, D866N, V871M) on
disease phenotype is more difficult to judge, as they have
been described both as disease-causing mutations and as
polymorphisms.59

BRANCHIO-OTO-RENAL-SYNDROME (EYA1)

Molecular Basis of Disease

Mutations in EYA1 cause branchio-oto-renal (BOR) syn-
drome (OMIM #113650).65–69 Disease prevalence is esti-
mated at 1 in 40,000 in the general population, and the
syndrome is reported to occur in about 2% of profoundly

deaf children.70 Clinical expression is highly variable within
and among families, but typical manifestations include
branchial arch anomalies (preauricular pits, branchial
fistulae, and pinnae abnormalities), hearing loss (conduc-
tive, sensorineural, or mixed), and renal hypoplasia.71

Phenotypic features that occur in more than 20% of
affected persons are classified as major. Hearing loss and
preauricular pits are most prevalent, affecting approxi-
mately 90% and 80% of individuals, respectively. Branchial
cleft fistulae (~50%), lop-ear deformity (~35%), and
stenotic external auditory canals (~30%) also are common.
Temporal bone abnormalities can be identified in most
individuals with hearing impairment examined by com-
puted tomography, and renal anomalies are identified in
approximately 65% of individuals examined by ultrasound
or excretory urography.71

Hearing loss is mixed (~50%), conductive (~25%), or
sensorineural (~25%), and ranges from mild to profound,
but is most commonly severe (~35%), and is progressive in
approximately 25% of affected persons. Temporal bone
abnormalities include stenosis and atresia of the external
auditory canal, malformation, malposition, dislocation or
fixation of the ossicles, and reduction in size or malforma-
tion of the middle ear cavity. In the inner ear, the most
common anomaly is cochlear hypoplasia. Enlargement of
the cochlear and vestibular aqueducts and hypoplasia of
the lateral semicircular canal also are found. Major renal
anomalies include agenesis (most common), hypoplasia,
and dysplasia. Calyceal diverticula, ureteral pelvic junction
obstruction, hydronephrosis, pelviectasis, calyectasis, and
vesico-ureteral reflux also are seen.71

In some families, anticipation may appear to be present;
however, a study of seven three-generational families
assessed for anticipation yielded conflicting results. In four
of these families, the degree of hearing loss showed antic-
ipation, but in the remaining three, a generational loss did
not occur.71 With respect to renal disease, generational pro-
gression was present in three families, but in one family,
the reverse trend was found.71 There is also no evidence for
a parent-of-origin effect. Marked renal defects have been
reported in six live-born offspring (including bilateral
renal agenesis in three individuals) who had affected
fathers and in 4 live-born offspring of affected mothers.72–77

An excess of unexplained fetal deaths, presumably a con-
sequence of bilateral renal agenesis, occurred in all of these
families.

Clinical Utility of Testing

EYA1 contains 16 exons, encompasses 164.8 kb of genomic
DNA, and transcribes an mRNA of 1.7 kb that encodes a
559 amino acid protein with a predicted molecular mass of
61.2 kDa. Mutations in EYA1 are a major cause of hearing
loss in families segregating a BOR phenotype; however,
mutation screening of EYA1 in simplex cases is unlikely to
identify abnormal allele variants.43
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Available Assays

Mutation screening of EYA1 currently is available by SSCP
analysis, with sequencing of exons in which band shifts 
are identified. An EYA1 mutation database is available to
track the latest information on EYA1 mutations in BOR
syndrome. This database lists all known mutations with
corresponding references. Electronic submission of new
mutations and polymorphisms is encouraged.43

Interpretation of Test Results

Initial reports on BOR syndrome described a patient with
a complex cytogenetic rearrangement on chromosome
8q78,79 and another patient with 8q12.2-q21 deletion,80 indi-
cating that complex genomic rearrangements can cause
this phenotype. In the first two mutation analyses of EYA1,
three large deletions are described.65,66 Current estimates
suggest that about one fifth of EYA1 mutations resulting 
in BOR syndrome represent complex genomic rear-
rangements, perhaps indicating that the EYA1 region is
unstable.81 These rearrangements cannot be detected by
commonly used mutation screening procedures, making it
impossible to use a single approach for mutation screening
of EYA1.

Laboratory Issues

Although numerous reports have confirmed that alter-
ations in EYA1 cause BOR syndrome,66–70 in many of these
reports only 20% of affected patients have confirmed EYA1
mutations.81 To explain this low mutation detection rate,
some investigators have hypothesized that mutations in
another gene tightly linked to EYA1 also cause BOR syn-
drome. However, using Southern analysis, other investiga-
tors have been able to detect mutations in families linked
to chromosome 8, in which SSCP analysis and direct
sequencing fail to detect EYA1 mutations.81 This finding
underscores the major drawback of many PCR-based
mutation detection procedures in the study of an autoso-
mal dominant disorder, the inevitable amplification of the
normal allele that can mask deleted or disrupted exons.

Conclusion

With continued advances in our understanding of the
molecular biology of hearing and deafness, the clinical
management of deafness will become more sophisticated.
Molecular genetic testing will be used to unequivocally
diagnose many different forms of inherited deafness, pro-
viding prognostic information for patients and their fam-
ilies. Novel habilitation options will be developed that will
be applicable to select persons with specific types of
genetic deafness. At the forefront of these advances will be

the ability to offer precise genetic testing that is rapid,
robust, and cost-effective.
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Chapter 12
Coagulation Disorders
Rajiv K. Pruthi and John A. Heit

surface, as opposed to circulating evenly distributed
throughout the blood. Thus, platelets can be viewed as “sur-
veillance” blood cells that are “searching” for sites of
endothelial injury. Platelet adhesion at an injury site is
mediated by the ligand von Willebrand factor (VWF).VWF
tethers platelets to the site of injury by binding to collagen
within the subendothelial matrix exposed by the injury,
and to the constitutively active platelet receptor glycopro-
tein (GP)-Ib-IX-V complex. Firm platelet adhesion at the
injury site is mediated by subsequent binding of the
platelet GP-α2β1 collagen receptor to subendothelial matrix
collagen. VWF binding to platelet GP-Ib-IX-V generates
transmembrane signals that activate platelets, converting
the constitutively inactive platelet fibrinogen receptor GP-
αIIbβ3 (GP-IIb/IIIa) to the fibrinogen-binding conforma-
tion. Subsequent platelet-to-platelet cohesion is mediated
by fibrinogen or VWF binding to platelet GP-αIIbβ3. In
addition, a scramblase within the platelet membrane phos-
pholipid bilayer flips negatively charged phospholipids
from the inside to the outside bilayer leaflet of the mem-
brane. The negatively charged phospholipids support
assembly of the plasma procoagulant factors on the exter-
nal surface of the platelet membrane. Finally, the contents
of the platelet dense granules (ADP, serotonin, etc.) and α-
granules (fibrinogen, VWF, factors V [F5] and XI [F9], etc.)
are released, which feed back to activate additional
platelets and support the plasma procoagulant system.

The plasma procoagulant system has been characterized
as a “cascade” of amplifying enzymatic reactions leading to
activation of the final serine protease enzyme, thrombin.
This cascade is initiated by exposure of the coagulation acti-
vator, tissue factor (TF), to circulating blood. TF is located
within the wall of blood vessels and normally is sequestered
from the circulation. TF is exposed to blood after blood
vessel injury. Exposed (or expressed) TF binds to circulat-
ing factor VIIa (F7a) to form a “Factor X-ase” activation
complex, which either cleaves (“activates”) factor X (F10) to
factor Xa (F10a) directly, or activates factor IX (F9) to factor
IXa (F9a) (Figure 12-1). F9a binds factor VIIIa (F8a) to form
a second Factor X-ase activation complex. F10a binds F5a
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Introduction

Reduced to its simplest form, the vascular system is a series
of interconnected biologic conduits filled with fluid
moving under pressure. This system is subject to injury
and must repair itself in order to avoid exsanguination.
This latter function is provided by the hemostatic system.
Thus, normal hemostasis is a reparative process and con-
sists of three major mechanisms: (1) vasospasm, which is
the main mechanism for controlling bleeding after tran-
section/avulsion injuries of large arteries, arterioles, and
veins; (2) platelet plug formation; and (3) the procoagulant
system. The procoagulant system consists of the mecha-
nisms by which fluid blood is converted into an insoluble
hemostatic thrombus. While inherited or acquired disor-
ders of all three mechanisms can cause clinically abnormal
bleeding, this chapter reviews the molecular basis of inher-
ited disorders of the procoagulant system (e.g., hemophilia
A and B, von Willebrand disease). Inherited vascular and
platelet disorders associated with abnormal bleeding are
not discussed here.

Consider also that, once activated, the reparative (e.g.,
hemostatic) response to injury must be constrained such
that the thrombus is limited to the site of injury, and must
be downregulated such that the conversion of fluid blood
to solid thrombus does not propagate throughout the
lumen of the vessel. This coagulation-limiting function is
provided by the anticoagulant system. Inherited disorders
of the anticoagulant system (e.g., familial thrombophilia)
are associated with venous thromboembolism and compli-
cations of pregnancy. Although biologically plausible, the
association between familial thrombophilia and arterial
thrombosis is unproven and is not reviewed here.

INHERITED BLEEDING DISORDERS

The initial reparative response to endothelial injury is
platelet adhesion to the exposed subendothelial matrix.
Platelets circulate preferentially along the vessel luminal
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to form the “prothrombinase complex” that activates pro-
thrombin (F2) to thrombin (F2a). The Factor X-ase and the
prothrombinase complexes assemble on negatively charged
phospholipids within the outer membrane of activated
platelets. Thrombin produces a hemostatic thrombus by
cleaving fibrinogen (F1) to form fibrin monomers, by acti-
vating platelets, and by activating factor XIII (F13) to factor
XIIIa (F13a), which cross-links strands of fibrin monomers
to form an insoluble hemostatic thrombus. In a feedback
amplification loop, thrombin also increases its own pro-
duction by activating F5, F8, and factor XI (F11).

HEMOPHILIA A

Hemophilia A (HA) is an X-linked recessive bleeding dis-
order due to a deficiency in F8. HA affects approximately 1
in 10,000 live male births, among all ethnic populations.
Approximately 30% of HA cases result from new mutations
occurring in families with no apparent family history of
HA. The diagnosis of HA is established based on reduced
or absent F8 activity and is classified into severe (<1% F8
activity), moderate (1% to 5%), or mild (>5% to 40%)
disease; the estimated prevalence of each is 43%, 26%, and
31%, respectively.1

Molecular Basis of Disease

The F8 gene is located on the long arm of the X chromo-
some (Xq28), is 186 kilobases (kb) in length, and has 26 rel-
atively short exons, ranging from 69 to 262 base pairs (bp),

and two long exons, exon 14 (3106 bp) and exon 26 (958 bp)
(Figure 12-2). The resulting messenger RNA (mRNA) is
approximately 9 kb, of which the coding sequence is 7053
nucleotides. The intron/exon boundaries roughly correlate
with the F8 protein domains. The introns are large (14 to
23 kb), with intron 22 being that largest (32 kb). A CpG
island in intron 22 acts as a bidirectional promoter for 
two additional genes. The first, termed F8-associated 
gene A (F8A or INT22H1), is an intronless gene approxi-
mately 2 kb long within intron 22 of F8 and is transcribed
in the opposite direction from F8. The second, F8-associ-
ated gene B (F8B), is 2.5 kb long and transcribed in the
same direction as F8. The F8A and F8B transcripts origi-
nate within 122 bases of each other, and the functions of
their potential protein products are unknown. The F8A
sequence is replicated at least twice, approximately 500 kb
telomeric to the F8 gene and close to the tip of the X chro-
mosome, termed INT22H2 (proximal) and INT22H3
(distal). INT22H2 and INT22H3 are about 100 kb apart and
transcribed in the same direction as the F8 gene. These
three homologous repeats are involved in the intron 22
inversion mutation, which is a frequent rearrangement of
the F8 gene resulting in severe HA. F8 is predominantly
expressed in the liver. The putative promoter region is
located 300 nucleotides 5′ of the gene, and although a 
TATA box is not essential for transcription, liver-enriched
transcription factors (e.g., HNF1, NFkB, C/EBPa, and
C/EBPb) interact with the F8 promoter region. The F8 gene
encodes a precursor protein of 2351 amino acids consist-
ing of a 19 amino acid leader peptide followed by 2332
amino acids in the mature protein. The mature protein has
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several homologous domains termed A1, A2, B, A3, C1,
and C2.

Proteolytic cleavage, by F2a or F10a, in the presence of
phospholipid surfaces results in activation of F8 to F8a
(Figure 12-3). Although cleavages at 740 or 1721 have no
effect on coagulant activity, the cleavages at 372 or 1689 are
important for F8 procoagulant activity. Cleavage at 1689
releases F8 from VWF, permitting F8 interaction with
phospholipids and platelets. Missense mutations affecting
these cleavage sites have been found in patients with HA
and result in cross-reacting material positive (CRM+)-HA
with normal levels of F8 antigen but low activity (1% to
7%). Although missense mutations have been found in the
A2 domain in HA, and the importance of the A2 domain
to F8 coagulant activity has been confirmed by in vitro
studies, the exact role of the A2 subunit remains unknown.

The B domain is cleaved during proteolytic activation.
Since B-domain-deleted F8 molecules are expressed at 5-
to 10-fold higher levels than non-B-domain-deleted F8, the
B domain may have a role in intracellular processing or

secretion of F8 or both. Mutations in this region have been
reported in HA.

VWF-bound F8 is protected from inactivation by acti-
vated protein C (APC). The putative VWF binding region
of F8 is thought to be at the N-terminus of the light chain
of F8 and in the C2 domain. The binding site for F9a has
been localized to the A2 domain and regions of the light
chain. In addition, the binding site for F10 is localized to
the C-terminus of the A1 domain. Binding to phospho-
lipids, which are important for F10 activation by F9a and
F8a, occurs in the C1 and C2 domains of the light chain F8.
No deleterious mutations in HA have been identified in the
inactivation cleavage sites of F8.

Mutations in the F8 Gene

Reported mutations and polymorphisms are cataloged in
an international database, the Haemophilia A Mutation,
Structure, Test and Resource Site, available on the Internet
and updated periodically: http://europium.csc.mrc.ac.uk/
WebPages/Main/main.htm. References for the amino acid
numbering system used below can be accessed at this Web
site.

Currently, no mutations have been found in the F8 pro-
moter region. Approximately 40% of HA patients with
severe disease have an inversion at the tip of the X chro-
mosome that disrupts the F8 gene.2 Homologous recombi-
nation can occur when the F8A gene (INT22H1) in intron
22 recombines with one of the two homologous regions
(INT22H2 or INT22H3) telomeric to the F8 gene probably
as a result of folding over of the tip of the X chromosome.
Upon unfolding, exons 1 to 22 are inverted and placed about
500 kb upstream of exons 23 to 26 and oriented in the oppo-
site direction. Depending on which repeat F8A pairs with,
the inversion may be termed type I (distal) or type II (prox-
imal). Rarely type III inversion mutations occur in patients
with a third extragenic copy of F8A. Given that the major-
ity of inversions originate in male meiosis, almost all
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mothers of patients with the inversion mutation are carri-
ers. An additional inversion of exon 1 of the F8 gene also
occurs and affects up to 5% of patients with severe HA.3

Given the large size of the F8 gene, deletions are common
and account for about 5% of characterized mutations. Typ-
ically these result in severe disease with <1% F8 activity.
However, specific deletions of 156 bp in exon 22 or 294 bp in
exons 23 and 24 are associated with moderate disease, likely
due to in-frame splicing of exon 21 to exon 23, or exon 22
to exon 25. Patients with large deletions are susceptible to
formation of F8 inhibitor (antibodies) in response to
therapy with F8 concentrates. In an analysis of the HA data-
base, up to 40% of patients with deletions develop F8
inhibitors, whereas up to 60% of patients with single base
pair changes resulting in nonsense mutations and 15% of
patients with single base pair changes resulting in missense
mutations develop inhibitors.4

The remaining patients typically have single base pair
changes (resulting in missense, frameshift, or splice junc-
tion mutations), insertions, or duplications. Single base
pair changes that result in missense mutations are spread
throughout the F8 gene. Although the structure-function
relationships of some of the missense mutations are known
or can be deduced (e.g., alteration of the VWF binding site
or thrombin cleavage site), the structural consequences of
most missense mutations remain undefined.

Although HA predominantly affects males, some female
carriers have reduced F8 levels and may have clinically
significant bleeding. The molecular basis of symptomatic
females includes lyonization of the normal X chromosome
and Turner syndrome (XO karyotype), where the dominant
mutant F8 gene is responsible for production of the abnor-
mal F8. Rarely, mating of a carrier female with an affected
male, an X-autosome translocation involving a breakpoint
within the F8 gene, and uniparental isodisomy have been
implicated.

Polymorphisms in the F8 Gene

Polymorphisms present within the F8 gene (intragenic) or
outside the F8 gene (extragenic) have been used to assign
haplotypes (combinations of polymorphisms) for linkage
analysis. The putative defective F8 gene can be tracked with
polymorphisms that are closely linked to the gene. The
carrier frequency of such polymorphisms varies depend-
ing on the ethnicity of the study population and needs to
be considered when studying patients of diverse ethnic
origin. A complete listing of polymorphisms is available in
the F8 mutation database (http://europium.csc.mrc.ac.uk/
WebPages/Main/main.htm).

Clinical Utility of Testing

The diagnosis of HA is established by assaying plasma F8
activity. Given that F8 normally relies on binding to VWF
for survival, all patients with a low F8 activity should be

excluded for a diagnosis of Von Willebrand disease (VWD).
In addition, F8 is a labile factor resulting in a loss of up to
15% F8 activity in suboptimally processed plasma speci-
mens. Thus, mild reductions in F8 activity should prompt
repeat testing with careful attention to specimen handling.
While a reduced F8 activity in at-risk females typically
confirms carrier status, a normal F8 activity does not
exclude carrier status. In such cases, molecular genetic
testing is the only option for diagnosis.

Knowledge of the causative F8 mutation in probands
does not alter clinical management but may be useful in
predicting the risk of developing F8 inhibitors.4 Mutation
identification also is useful for focusing on the relevant
region of the F8 gene in carrier testing of family members.
Rarely, adopted asymptomatic females with no access to
their familial F8 genotype will need their entire F8 gene
analyzed for carrier testing. For carriers, prenatal diagno-
sis during pregnancy provides useful information for man-
agement of labor and delivery and, occasionally, pregnancy
termination. Advances in reproductive technology may
permit preimplantation genetic diagnosis and circumvent
the need for prenatal testing.5

Available Assays

Several laboratories offer genetic testing for HA. A com-
plete list of laboratories that have registered with
GeneTests can be found on that Web site.6 In general,
testing can be divided into direct and indirect testing, and
selected laboratories offer prenatal testing.

Direct DNA Analysis

Testing for the inversion mutation should be restricted to
patients with severe HA (F8 activity <1%). For the proband
with severe HA or for an at-risk female with a family
history of severe HA, direct DNA analysis for the most
common intron 22 inversion mutation is typically per-
formed by restriction digestion and Southern blot analy-
sis. This detects the more common types I and II inversions
and the rare type III inversion. A polymerase chain reac-
tion (PCR) assay has also been described;7 however, this
assay may not detect the rare atypical inversions. For the
remaining patients with severe HA, testing for the intron 1
inversion mutation should be considered.3 Detection of
deletions in the F8 gene in carriers by PCR amplification
of individual exons is not useful. Thus, either linkage analy-
sis or Southern blot analysis is required.

For the rest of the patients with severe HA, at-risk
females, or those patients with mild or moderate HA,
advances in molecular techniques have permitted efficient
screening or direct sequencing of all the relevant regions
of the F8 gene.8 The large size of the F8 gene, with 26 
exons, makes sequence analysis of the entire gene a labor-
intensive task. Thus, alternate strategies have been utilized
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on a research basis, which involve analysis of F8 mRNA 
by reverse transcription PCR (RT-PCR)9 or other 
single-strand conformation polymorphism (SSCP)-based
screening techniques.10

Indirect DNA Analysis (Linkage Analysis)

The principle underlying genetic linkage analysis is the ten-
dency for alleles close together on the same chromosome
to be transmitted together as an intact unit through
meiosis. Polymorphisms, intragenic or extragenic, are typ-
ically single base pair changes or simple sequence repeats
(e.g., CAn repeats). Disadvantages of linkage analysis
include the need for DNA samples from the proband and
both parents, and the requirement that the proband’s
mother be heterozygous and thus “informative” for the
polymorphisms. For a polymorphism to be “informative,”
the DNA sequence at a locus must differ on the maternally
inherited and paternally inherited chromosomes. Most
families (up to 90%) are informative at one or more DNA
polymorphic loci, if both intragenic and extragenic poly-
morphisms are analyzed. The distance between the disease-
causing mutation and the polymorphism is related to the
risk of recombination between the gene and the polymor-
phism, which may lead to false-positive or false-negative
results. The recombination risk is lowest if intragenic
markers are used. Rarely, families will be informative only
for extragenic polymorphisms, and misdiagnosis can occur
in up to 6% of carriers as a result of linkage disequilibrium.
When an intragenic polymorphism is used for the diagno-
sis of carrier or affected status, the chance of an error is less
than 1%. A major drawback of linkage analysis is the pos-
sibility of unmasking nonpaternity in any given family. A
complete listing and frequency of polymorphisms is avail-
able on the F8 mutation database Web site.

Interpretation of Test Results

Reduced F8 activity is virtually diagnostic of HA provided
VWD and specimen artifact have been excluded. Rare
instances of other genetic disorders that can have low F8
activity include VWD type 2N (see section on VWD) and
rare combined deficiencies of F5 and F8. The latter occurs
as a result of mutations in ERGIC53, which encodes a
protein necessary for efficient transport of F5 and F8 from
the endoplasmic reticulum to the Golgi apparatus. F5 and
F8 levels are typically in the 10% to 15% range. Molecular
genetic testing is available only on a research basis.11

Detection of the presence of a mutation determines the
genotype of the proband and can be used to confirm the
carrier status of at-risk females. Certain well-defined muta-
tions (e.g., inversions, deletions, insertions, splice junction
mutations, and nonsense mutations) have obviously 
deleterious effects. Determining the deleterious nature of
previously uncharacterized missense mutations poses a

challenge. However, such a mutation in hemizygous genes
(F8 and F9) and absence of additional mutations provide
reasonable evidence of the effect of the mutation on the
function of the protein. Other criteria typically considered
in predicting the effect of a missense mutation include
analysis of the degree of conservation of the respective
residue among other species and presence of a similar
mutation in other patients. The best evidence of the 
deleterious nature of a missense mutation is in vitro
confirmation of its effect on protein function.

Laboratory Issues

As with any genetic test performed on peripheral blood
leukocyte genomic DNA, high-quality DNA extracted from
whole blood is essential for the quality of the testing. The
specimen needs to be clearly identified and information on
allogeneic bone marrow or peripheral blood stem cell
transplant in the individual needs to be provided.

HEMOPHILIA B

Hemophilia B (HB) is an X-linked recessive bleeding dis-
order due to a deficiency of F10 and is clinically indistin-
guishable from HA. HB affects 1 in 30,000 live male births
across all ethnic groups. Up to 30% of HB cases occur in
families with no prior family history of HB. The diagnosis
is established based on plasma F10 activity, which, like HA,
permits classification of HB into severe (<1% F10 activity),
moderate (1% to 5%), or mild (>5% to 40%) disease.

Molecular Basis of Disease

The F9 gene is located on the long arm of the X chromo-
some (Xq27.1) and is 38 kb long with eight exons of varying
lengths (25 to 1935 bp). The resulting mRNA is approxi-
mately 3 kb, of which the coding sequence is 1390
nucleotides. The intron/exon boundaries roughly correlate
with the F9 domains and bear a high degree of homology
to members of the vitamin K–dependent protein family
(F7, F10, and protein C) (Figure 12-4). The F9 gene encodes
a precursor protein of approximately 454 amino acids 
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Figure 12-4. Factor IX peptide showing domains. N, N-terminus; C, C- terminus; Pre,
pre-propeptide; pro, propeptide; GLA, GLA domain; EGF, EGF domain, act, activation
peptide.
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consisting of a propeptide followed by a glutamic acid-
rich (GLA) domain, two epidermal growth factor (EGF)
domains, an activation peptide, and a catalytic domain.

F9 is activated to F9a when cleaved by F7a-TF and acti-
vated factor XI (F11a). Cleavage releases the activation
peptide, resulting in a circulating light chain and heavy
chain connected by a disulfide bond. Numerous posttrans-
lational modifications are necessary for the normal 
function of F9a, including tyrosine sulfation, serine phos-
phorylation, and O- and N-linked glycosylation. The rela-
tively small size of the F9 gene lends itself to detailed
molecular analysis, which has been cataloged in an online
database, Haemophilia B Mutation Database, which is
updated regularly; the number system used below can 
be accessed at this Web site (http://www.kcl.ac.uk/ip/
petergreen/haemBdatabase.html).

Mutations in the F9 Gene

The majority of the F9 mutations are single base pair
changes that result in missense, frameshift, or nonsense
mutations. Short deletions (<30 nucleotides) account for
approximately 7%, larger deletions approximately 3%, and
insertions approximately 2% of mutations. Many of the
single base pair changes occur at CpG doublets that are
hotspots for mutation. However, a subset of repeated muta-
tions is due to a founder effect, which typically results in
mild disease. Mutations have been detected in all regions
of the F9 gene including the poly(A) signal.

Missense mutations account for the majority of mutations
that typically result in mild disease unless the mutations
occur in residues critical for normal F9 function. Selected
mutations in the promoter region of the F9 gene result in a
unique phenotype, termed hemophilia B Leyden, which is
characterized by severe disease at birth with progressive
amelioration of severity through adolescence and puberty.
However, some F9 promoter mutations (e.g., Brandenburg
mutation at −26) result in lifelong severe disease. Nonsense
mutations in the signal peptide and propeptide regions lead
to severe HB; however, missense changes leading to 
retention of F9 within hepatic cells have been described (e.g.,
Ile30 and Ile19). Lack of cleavage of the propeptide leads to
a dysfunctional F9 molecule (e.g., Arg4).

Mutations in the GLA domain disrupt γ-carboxylation
(posttranslational modification) that is important for normal
F9a binding to collagen, activated platelets, and endothelial
cells. Mutations in the EGF domain results in disruption of
F9 binding to calcium that is essential to its procoagulant
activity, as well as cofactor F8. Mutations in the catalytic
domain typically disrupt the catalytic triad (His 221,Asp 269,
and Ser 365) essential for F9a protease function.

An unusual F9 variant, due to mutation at Ala10, is char-
acterized by normal baseline F9 activity. However, warfarin
therapy results in a severe and disproportionate reduction
in F9 activity (typically to <1%) and causes bleeding in
patients being treated with warfarin who have an appar-

ently therapeutic international normalized ratio (INR).
Indicative of such a situation is a disproportionate prolon-
gation of the activated partial thromboplastin time (aPTT),
which should be assessed by clotting factor assays and
reveals the F9 deficiency.

Polymorphisms in the F9 Gene

Eight common polymorphisms have been described in dif-
ferent ethnic populations of European and African descent.
These polymorphisms, however, are much less common 
in Asian and other populations. The most informative
polymorphism documented in the Asian population is Hha
I (allele frequency = 0.17); several recent reports have
described additional polymorphic loci in these popula-
tions, facilitating molecular diagnosis of nonwhite carriers
and patients with HB. A polymorphism within the F9
coding region, Ala148Thr, occurs within the activation
peptide. This does not correlate with F9 activity or anti-
genic levels. The Thr allele occurs with a frequency of 0.3
in the white population, but is much less frequent in the
African American population (0.053 to 0.15) and Asian
population (<0.01).

Clinical Utility of Testing

The diagnosis of HB is established by assaying F9 activity,
rather than by genetic testing. Given that F9 is a vitamin
K–dependent protein, all patients with mild to moderate
reductions in F9 activity should be evaluated to exclude
vitamin K deficiency. Reduced F9 activity in at-risk females
typically confirms HB carrier status. However, normal F9
activity does not exclude the possibility of being a carrier.
In this circumstance, molecular genetic testing would be
the only option for diagnosis of HB.

Molecular Genetic Diagnostic Testing of 
the Proband

Knowledge of F9 genotype does not alter clinical manage-
ment of HB patients; however, it may predict the risk of
developing F9 inhibitors and anaphylaxis in response to 
F9 concentrate therapy.12 Although knowledge of the
proband’s genotype is important for carrier testing of at-
risk female family members, the size of the F9 gene renders
it more amenable to analysis for the specific F9 mutation
causing HB.

Molecular Genetic Carrier Testing for HB

For a discussion applicable to molecular genetic carrier
testing for HB, see the Clinical Utility of Testing section on
HA.
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Available Assays

A complete listing of laboratories offering HB genetic
testing that have registered with GeneTests can be found
on that Web site.6 In general, testing can be divided into
direct and indirect testing, and selected laboratories offer
prenatal testing.

Direct DNA Analysis

Generally, most patients with HB have mild disease. Thus,
given that up to 25% of white patients with mild HB 
have one of three founder mutations (Gly60Ser, IIe397Thr,
or Thr296Met),13 a logical first step is to perform limited
testing for these founder mutations. For those HB patients
in whom a founder mutation is not identified and for
severe HB patients and at-risk carriers, the logical next 
step is screening or sequencing regions of functional
significance in the F9 gene. Although the majority of HB
patients have one mutation, about 1% of HB patients are
compound heterozygous for two mutations.

For probands with deletion of part of their F9 gene,
carrier testing by PCR amplification of individual exons
will likely not be useful. Thus, either linkage analysis or
Southern blot analysis is required for deletion diagnosis.

Indirect DNA Analysis (Linkage Analysis)

As discussed above for HA, indirect DNA analysis in the
proband does not provide any information on the proband’s
genotype, but does define a haplotype that identifies the
abnormal F9 gene, which is useful for carrier testing of
family members. Given the relatively small size of the F9
gene, direct sequencing also is feasible for carrier testing
when the HB mutation is not a large F9 gene deletion.

Interpretation of Test Results

For a discussion applicable to interpretation of test results for
HB, see the “Interpretation of Test Results” section for HA.

Laboratory Issues

For a discussion applicable to laboratory issues for HB, see
the “Laboratory Issues” section for HA.

VON WILLEBRAND DISEASE

Von Willebrand disease (VWD) is an autosomal disorder
characterized by a deficiency of von Willebrand Factor
(VWF) and is the most commonly recognized congenital
bleeding disorder, with a prevalence varying from 0.82% to
2%.14 Diagnosis is established based on a personal and
family history of abnormal clinical bleeding and reduced
plasma VWF antigen levels or functional activity (risto-
cetin cofactor activity) or both, and analysis of size distri-
bution of the VWF multimers.

Molecular Basis of Disease

The VWF gene is located near the tip of the short arm of
chromosome 12, spans 180 kb, and consists of 52 exons. The
intron-exon boundaries roughly correlate with the VWF
domains. The presence of an unprocessed partial pseudo-
gene located on chromosome 22q11.2 corresponds to exons
23 through 34 of the VWF gene. VWF is synthesized in
endothelial cells and megakaryocytes and is secreted from
storage sites (platelet alpha granules and endothelial cell
Weibel-Palade bodies) into the plasma. VWF is a 2,813
amino acid peptide consisting of a 22 amino acid signal
peptide, a 741 amino acid propeptide, and a mature 2,050
amino acid peptide (Figure 12-5). After removal of the
signal peptide, the pro-VWF dimerizes by disulfide bonds
at the C-terminal ends and further polymerizes at the N-
terminal ends, resulting in multimers ranging in size from
0.5 to more than 10 million daltons. Binding sites for
various ligands have been localized to different domains of
the VWF subunit.

VWD can be divided into two broad categories based on
quantitative (types 1 and 3) or qualitative (type 2) abnor-
malities of plasma VWF. Quantitative abnormalities

Signal
peptide Propeptide VWF

763 2813

FVlll

Multimer
S-S

GPllb-llla
Collagen

RGDS

Dimer
S-S

GPlb
Botrocetin

Heparin
Sulfatide

D1 D2 D3 A1 A2 A3 D4 1-3 C1 C2 CK
B

D’

1 23

Figure 12-5. Von Willebrand peptide domains. FVIII, factor VIII; S-
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include a mild reduction of qualitatively normal VWF
(type 1) or absent VWF (type 3). In type 2 VWD, the plasma
VWF exhibits defective structure and function, and typi-
cally results in absence or reduction of the larger VWF
multimers (Figure 12-6).

Mutations and polymorphisms in the VWF gene are cur-
rently being cataloged in an international database, which
can be accessed via the Internet. References for the amino
acid number system used below can be accessed at this
website (http://www.vwf.group.shef.ac.uk/index.html).

Type 1 Von Willebrand Disease

Type 1 VWD accounts for approximately 70% of cases of
VWD and is typically autosomal dominant. Diagnosis is
established by assays of VWF demonstrating proportion-
ate reduction in plasma VWF antigen, ristocetin cofactor
activity, and F8 activity, with a normal distribution of VWF
multimers. Although type 1 is the most commonly diag-
nosed variant of VWD, little is known of the molecular
pathogenesis. Currently, apart from a few sporadic reports,
few mutations in type 1 VWD have been characterized.
Although type 1 VWD appears to be linked to the VWF
locus, animal data is suggestive of locus heterogeneity as
an explanation for the mild quantitative deficiency of VWF
associated with type 1 VWD (e.g., defects in glycosylation
of the VWF protein).15 However, selected patients with type
1 VWD are a result of heterozygous inheritance of a type 3
VWD defect, which includes nonsense, frameshift, or dele-
tion mutations.

Type 1 VWD has heterogeneous clinical manifestations
with variable penetrance that may be due to concordant or
discordant reductions in platelet VWF. Some pedigrees are
characterized by significant reductions in VWF levels,

which may be due to defects in multimer synthesis or
secretion.

Type 3 von Willebrand Disease

Type 3 VWD is autosomal recessive and is characterized by
a severe reduction in VWF antigen, ristocetin cofactor
activity, and a concordant reduction in F8 activity, result-
ing in a more severe phenotype. Type 3 VWD mutations
include frameshifts, deletions, and nonsense mutations.
Although most patients are typically compound heterozy-
gous for such VWF mutations, homozygosity has been
demonstrated in a few consanguineous families. Although
most patients with type 3 VWD appear to have two defec-
tive VWF alleles, many have clinically unaffected parents.
This circumstance poses a challenge in providing genetic
counseling.

The prevalence of type 3 VWD is 0.5 to 3 per million and,
based on the Hardy Weinberg equilibrium, heterozygotes
should occur at an expected frequency of at least 1,400 to
3,500 per million population. However, the currently esti-
mated prevalence of type 1 VWD is at least 10-fold lower.
Although VWF levels may be lower in parents of patients
with type 3 VWD, there is clearly variable expression, with
most parents being asymptomatic.

Type 2 Von Willebrand Disease

Type 2 variants of VWD are characterized by qualitatively
abnormal VWF with defective stability, function, or multi-
mer distribution and include types 2A, B, M, and N.

Type 2A Von Willebrand Disease

Type 2A VWD is autosomal dominant and accounts for
approximately 75% of all type 2 VWD. Type 2A VWD
patients have a variable reduction in VWF antigen, with a
discordant reduction in ristocetin cofactor activity, indica-
tive of a qualitative VWF abnormality. The higher and inter-
mediate plasma VWF multimers are reduced or absent,
and the lower-molecular-weight multimers are relatively
increased or have an abnormal infrastructure. Plasma and
platelet multimer abnormalities may be concordant or dis-
cordant depending on the underlying molecular defect.

Missense mutations resulting in type 2A VWD occur
predominantly in the A2 domain of the VWF gene and
result in abnormal VWF patterns by two distinct mecha-
nisms. The first group includes mutations impairing the
assembly and secretion of normal VWF multimers, result-
ing in decreased higher-molecular-weight VWF multimers
in both plasma and platelets. The second group includes
mutations that result in normal assembly and secretion of
VWF; however, the mutant VWF has an increased sensitiv-
ity to proteolytic degradation in plasma, resulting in
decreased plasma high-molecular-weight multimers but a
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Figure 12-6. Von Willebrand factor multimer distribution. Types 1, 2, and 3 refer to
types of von Willebrand disease. M.W., molecular weight. (Reprinted with permission from
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normal platelet VWF multimer pattern. The cleavage site
in a subset of patients with type 2A VWD was shown to be
the Tyr842-Met843 bond, where mutations may result in a
conformational change, resulting in increased sensitivity to
proteolysis.

Type 2B Von Willebrand Disease

Type 2B VWD is autosomal dominant and accounts for
approximately 20% of all type 2 VWD. Type 2B VWD
patients have a variable reduction in the VWF antigen, a
discordant reduction in ristocetin cofactor activity, with a
loss of the higher and intermediate plasma VWF multi-
mers, but normal distribution of platelet VWF multimers.
The type 2B variant is distinguished from type 2A VWD by
the presence of mild-to-moderate thrombocytopenia. This
occurs as a result of an increased affinity of VWF for
platelet GPIb, resulting in spontaneous binding of VWF to
platelets and rapid clearance of the platelet-bound larger
multimers from plasma. In addition, platelet aggregation in
response to ristocetin demonstrates an exaggerated
response. The few cases described of normal multimer dis-
tribution with hyperresponsiveness to ristocetin appear to
represent a mild form of type 2B VWD. Causative missense
mutations occur in the A domain of the VWF gene and
result in a dominant gain-of-function phenotype. Muta-
tions in the A domain likely disrupt a regulatory site that
normally inhibits the binding of the A1 domain to platelet
GPIb.

Type 2B VWD must be distinguished from a pseudo-
VWD or platelet-type VWD, which is similar in presenta-
tion. Patients with platelet-type VWD have a primary
platelet defect resulting from mutations in the platelet
GPIb/IX receptor.

Type 2M Von Willebrand Disease

In type 2M VWD patients, although the VWF antigen and
the distribution of VWF multimers are normal, the risto-
cetin cofactor activity is reduced, reflecting a functional
defect of the VWF multimers. There may be uncleaved
proVWF or ultrahigh-molecular-weight multimers. Type
2M mutations occur in the A1 domain of the VWF gene and
result in decreased binding affinity of VWF for platelet GPIb.

Type 2N (Normandy) Von 
Willebrand Disease

Mutations in the F8 binding domain of VWF result in sub-
optimal binding of F8 to VWF. This binding defect results
in a shorter half life of plasma F8, and thus plasma F8 
activity is reduced. Levels of VWF antigen and ristocetin
cofactor activity are normal, as is the VWF multimer dis-
tribution. The type 2N subtype mimics mild HA but has an
autosomal recessive pattern of inheritance rather than the

X-linked recessive pattern of HA. In a recent international
survey, VWD Normandy was detected in 4.8% (58 of
1198) of patients previously diagnosed as having mild HA.
Three VWF gene mutations (Thr791Met, Arg816Trp, and
Arg854Gln) account for 96% of type 2N patients.16 Type 2N
VWD should be considered in patients with a diagnosis 
of “mild HA” with a non-X-linked inheritance pattern.
Typically, heterozygotes have normal F8 levels and
homozygotes have reduced F8 activity. However, apparent
heterozygotes with low F8 levels typically have inherited 
a second allele, resulting in VWD type 1 (compound 
heterozygotes).

Clinical Utility of Testing

Currently, the most significant impact of molecular testing
on clinical management and genetic counseling is the dif-
ferentiation of type 2N VWD and mild HA. Both have a
mild to moderate reduction in F8 activity, with normal
levels of VWF antigen and ristocetin cofactor activity. The
autosomal inheritance pattern and the need for use of VWF
concentrates rather than pure F8 concentrates make this an
important distinction. Differentiation of VWD types 2A
and 2B also provides useful information that alters clinical
management. Although patients with type 2B VWD are
characterized by the presence of variable degrees of throm-
bocytopenia, the differentiation from type 2A by platelet
count is not always possible. The distinction between types
2A and 2B is clinically significant because treatment 
with vasopressin (DDAVP) is contraindicated in patients 
with type 2B due to the potential for worsening the 
thrombocytopenia.

Currently, for type 1 VWD patients, given the mild 
phenotype, the lack of well-characterized mutations, and
the implication of locus heterogeneity, genetic test-
ing is not useful. In contrast, type 3 VWD patients have
well-characterized mutations and a severe phenotype.
Genotyping the index patient would likely not affect clini-
cal management; however, identification of the specific
mutations is useful for genetic counseling and prenatal
diagnosis.

Available Assays

Direct DNA testing to identify the specific mutation in the
VWF gene is useful for the differentiation of type 2N from
mild HA, and type 2A from type 2B. Methods include
restriction fragment length polymorphism (RFLP) or
direct sequencing. Indirect testing by linkage analysis is
available for VWD; however, it is rarely indicated except for
severe type 3 VWD. Laboratories offering testing for VWD
are listed in GeneTests.6 Currently, no laboratory offers
screening or sequencing for the VWF gene on a clinical
basis.
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Interpretation of Test Results

Detection of homozygous mutations in the F8 binding
domains of VWF correlates with the presence of type 2N
VWD. However, not all mutations in VWF have been char-
acterized at a structural level and must be interpreted cau-
tiously. The presence of a heterozygous mutation in the
setting of low F8 activity could reflect the presence of a
second unidentified mutation in the VWF gene (compound
heterozygote). Although most known mutations in types
2A and 2B VWD are clustered within exon 28 of the VWF
gene, type 2 variants with mutations outside this domain
have been described.

Laboratory Issues

The large size of the VWF gene precludes efficient, cost-
effective screening or sequencing for clinical testing. In
addition, (co)amplification of the unprocessed pseudo-
gene, homologous to exons 23 to 34 of the VWF gene, com-
plicates mutation analysis of PCR products amplified from
genomic DNA. However, availability of primers designed
specifically to amplify the VWF gene allows for analysis of
the VWF gene sequence distinct from the pseudogene.
Mutation analysis of mRNA has been performed on a
research basis but is not practical for clinical testing given
the instability of mRNA in transported specimens and the
complexity of the testing.

INHERITED THROMBOPHILIAS

The recognized plasma components of the anticoagulant
system include antithrombin (AT), protein C (PC), and
protein S (PS). PC is a circulating vitamin K–dependent
zymogen that is activated to activated protein C (APC),
the active enzyme, by the thrombin-thrombomodulin
complex. Thrombomodulin is an integral membrane
protein on the luminal surface of endothelial cells that
binds thrombin and changes the thrombin activity such
that thrombin no longer clots fibrinogen or activates
platelets. Instead, thrombomodulin-bound thrombin acti-
vates PC to APC. APC functions as an anticoagulant by
inactivating (via enzymatic cleavage) F5a and F8a in the
presence of PS (Figure 12-7). Procoagulants F5a and F8a
are cofactors that, together, markedly accelerate the rate of
thrombin generation. Thus, F5a and F8a are key hemosta-
sis regulatory points; inactivation of these cofactors
markedly downregulates thrombin generation. Antithrom-
bin is a serine protease inhibitor (SERPIN) and acts as a
pseudo-substrate for thrombin to irreversibly inhibit
thrombin and procoagulants F9a, F10a, F11a, and F12a 
by covalently binding the enzymatic active sites.
Antithrombin anticoagulant activity is markedly enhanced
(catalyzed) by glycosaminoglycans (e.g., heparin).

Genetic deficiencies of plasma AT, PC, or PS activity to
approximately half of normal plasma activity is strongly
associated with venous thromboembolism (VTE). Com-
paring family members with inherited AT, PC, or PS
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deficiency to family members with no defect, the lifetime
VTE risk is increased 7- to 8-fold. Individuals with
homozygous PC or PS deficiency may develop severe full-
thickness dermal and limb thrombotic infarction as
neonates (e.g., purpura fulminans neonatalis). Homozy-
gous AT deficiency appears to be incompatible with life
except for mutations that impair heparin binding to
antithrombin. Altogether, deficiency of AT, PC, or PS is
found in approximately 5% of VTE patients. Mutations
causing impaired expression or function of AT, PC, or PS
are rare and distributed throughout their respective genes.
Moreover, there is minimal data correlating specific muta-
tions with a unique clinical thrombosis phenotype. Thus,
functional testing of plasma activities of AT, PC, or PS is
preferred over genetic testing for diagnosis.

FACTOR V LEIDEN MUTATION

Molecular Basis of Disease

Initial APC cleavage at arginine (R) 506 of F5a is required
for optimal exposure and subsequent rapid inactivation of
F5a by subsequent APC cleavage at positions R306 (in the
presence of phospholipid and protein S) and R679 (Figure
12-8). The discovery of three unrelated patients with idio-
pathic VTE, whose plasma was resistant to the anticoagu-
lant effect of exogenously added APC, provided exciting
new insights into the etiology of VTE.17 Early epidemio-
logical data suggested that activated protein C resistance
(APC-R) was familial with an autosomal dominant inheri-
tance pattern. Procoagulant F5 isolated from APC-R
patient plasma was resistant to inactivation by APC, trig-
gering an intensive search for the genetic explanation.18

Subsequent work identified a single point mutation, called
Factor V Leiden, of guanine (G) to adenine (A) at
nucleotide 1691 within exon 10 of the F5 gene on chromo-
some 1 (1q21–25).19 Factor V Leiden encodes for substitu-
tion of a glutamine (Q) for arginine (R) at amino acid
position 506 within the heavy chain of F5, at one of three
APC cleavage sites (R306, R506, R679). Factor V Leiden pro-
motes thrombosis by impaired downregulation of the gen-
eration of thrombin and by inhibition of fibrinolysis.

Factor V Leiden is a founder mutation, arising between
21,000 and 34,000 years ago, after the evolutionary diver-
gence of Africans from non-Africans and of Caucasoid
from Mongoloid subpopulations. Worldwide, the Factor V
Leiden carrier frequency ranges from 2% in southern
Europe to 15% in southern Sweden, and generally declines
in native populations moving from west to east toward
Asia, Africa, Australasia, and ultimately, the Americas. In
the United States, about 3% to 7% of asymptomatic white
populations of northern European or Scandinavian 
ancestry are heterozygous carriers. Factor V Leiden is
much less common in other U.S. populations, with a 
carrier frequency of 1.2% in African Americans, 2.2% in
Hispanics, 1.2% in Native Americans, and 0.45% in Asian
Americans.

Clinical Utility of Testing

Patients with Factor V Leiden (or another familial throm-
bophilia) may present with one or more clinical pheno-
types, including VTE, recurrent fetal loss, complications of
pregnancy, and possibly arterial thrombosis.

VTE is a common disease, with an average annual inci-
dence of over 1 per 1,000 person-years.20 VTE is also a lethal
disease, mostly due to pulmonary embolism. Almost one
third of all pulmonary embolism patients die within 7 days,
and one quarter die suddenly.20 For patients who die sud-
denly, available time is insufficient to recognize, diagnose,
and begin therapy to alter the course of the disease. To
improve survival and prevent complications, the incidence
of VTE must be reduced, either by avoidance of high-risk
exposures or by prophylaxis during such exposures. Inde-
pendent clinical risk factors for VTE include confinement
to a hospital (with or without surgery) or nursing home,
trauma, malignant neoplasm (with or without chemother-
apy), central venous catheterization, placement of a trans-
venous pacemaker, prior superficial vein thrombosis, and
serious neurologic disease with extremity paresis. Among
women, additional risk factors include pregnancy and 
the puerperium, oral contraception, hormone (estrogen
and/or progesterone) replacement therapy, and selective
estrogen receptor modulator (SERM) therapy (e.g., tamox-
ifen, raloxifene). In addition to these risk factors, the
patient age affects VTE risk, with a markedly increased risk
with increased age for both men and women.20

While clinical risk factors can identify populations at
risk, most persons that are exposed to such risk factors do
not develop VTE. Moreover, about 25% of VTE patients
have no obvious risk exposure.21 The discovery of APC-R
and Factor V Leiden has provided new insights into the eti-
ology of VTE. APC-R is the most commonly recognized
familial thrombophilia among patients with VTE. The
Factor V Leiden prevalence among incident VTE cases is
12% to 21%. Heterozygous Factor V Leiden carriers have
an 8-fold increased risk for VTE, while the risk among
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Figure 12-8. Cleavage sites for inactivation of activated factor V. F5a, activated factor
V; F5i, inactivated factor V; Kd, kilodalton; Ca2+, calcium; Arrows, cleavage sites; R,
arginine.
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homozygous carriers is increased 80- to 100-fold. VTE risk
increases due to interaction between Factor V Leiden and
other genetic disorders such as AT, PC, or PS deficiency.
Genetic and clinical risk factors also interact to compound
the risk of VTE. For example, VTE risk increases 30-fold
among heterozygous Factor V Leiden women carriers
receiving oral contraceptives, 7- to 16-fold during 
pregnancy or the puerperium, and 13- to 15-fold for 
postmenopausal women carriers receiving estrogen
replacement therapy.22 Factor V Leiden carriers also may
be at increased risk for VTE after surgery. The incidence of
VTE among Factor V Leiden carriers also varies by age,
ranging from 2 to 3 per 1,000 person-years for ages 15 to
30 years, to 7 to 11 per 1,000 person-years for age 60 years
and older. However, compared to that for patients with AT,
PC, or PS deficiency, the lifetime probability of developing
VTE is considerably less for Factor V Leiden heterozygotes.
Only 2.4% of Factor V Leiden carriers develop thrombosis
by age 65 years.23 Thus, the vast majority of Factor V Leiden
heterozygotes do not develop symptomatic VTE.

During counseling of patients or family members, it is
most useful to estimate the incidence of VTE by age and
exposure. For example, the incidence of VTE among
women of childbearing age is about 1 per 10,000 woman-
years.24 The risk for women of childbearing age is increased
about 3-fold (e.g., to an incidence of 3 per 10,000 woman-
years) among women taking oral contraceptives. The inci-
dence of VTE among women who are heterozygous for
Factor V Leiden in this age group is about 6 per 10,000
woman-years (e.g., a relative risk of 6 compared to women
noncarriers), and that incidence is increased to about 30
per 10,000 woman-years for heterozygotes taking oral con-
traceptives. While this represents a 30-fold increased rela-
tive risk, the incidence is still only 0.3% per year (i.e., 99.7%
of carriers on oral contraceptives will not develop VTE
during that year). Only the patient can decide whether this
risk is acceptable.

VTE also recurs frequently, with an estimated cumula-
tive recurrence of 30% by 10 year.20 Independent predictors
of recurrence include older age, obesity, malignant neo-
plasm, and extremity paresis. The risk of recurrent VTE is
increased approximately 10-fold for patents with VTE and
deficiency of AT, PC, or PS. While about 50% of patients
with VTE are Factor V Leiden heterozygotes, there are
conflicting data as to whether Factor V Leiden heterozy-
gotes are at a higher risk for recurrent VTE compared to
individuals who do not have Factor V Leiden.22 However,
the risk of recurrence is significantly increased for Factor
V Leiden patients who also are heterozygous for the pro-
thrombin 20210G→A gene mutation (relative risk, 2.6 to
9.1), particularly for individuals without other clinical risk
factors (relative risk, 5.1 or 4.0). The risk of recurrent VTE
is 3-fold higher for individuals who are homozygous for
Factor V Leiden.

Factor V Leiden also is a mild risk factor for recurrent
pregnancy loss and possibly other serious obstetrical com-

plications (e.g., preeclampsia, fetal growth retardation, and
placental abruption), possibly due to thrombosis of pla-
cental vessels and impaired placental perfusion.22

Available Assays

In most circumstances, a functional assay of plasma APC
resistance is the preferred initial test. In the original assay,
aPTT was measured before and after addition of a stan-
dardized amount of APC that was sufficient to prolong the
aPTT about 2-fold. The result was usually expressed as the
APC-R ratio (defined as the ratio of the aPTT clotting times
in the presence and absence of APC). An APC-R ratio of
less than 2.0 was indicative of APC-R. About 95% of
patients with APC-R were carriers for Factor V Leiden.
Although specific, the original APC-R assay was relatively
insensitive. Factor V Leiden carriers can have an APC-R
ratio as high as 2.9, and the assay did not reliably distin-
guish heterozygotes from homozygotes. Moreover, the
original assay was uninterpretable if the baseline aPTT was
prolonged due to warfarin or heparin anticoagulation,
factor deficiency, or a lupus anticoagulant or other specific
factor inhibitor.

A modified (second-generation) APC-R functional assay
that overcomes the limitations of the original assay is now
widely available and FDA approved. In this assay, the
patient’s plasma is first mixed with F5-deficient plasma
that contains a heparin neutralizer. The addition of the F5-
deficient plasma corrects for deficiencies of other coagula-
tion proteins and may dilute the effect of some lupuslike
anticoagulants. The modified assay is essentially 100% sen-
sitive and specific for Factor V Leiden and accurately dis-
tinguishes heterozygotes from homozygotes. In addition,
the second-generation assay is unaffected by heparin or
warfarin anticoagulation. However, the assay may still be
uninterpretable if the baseline aPTT (after mixing with F5-
deficient plasma) is still prolonged due to a lupus antico-
agulant or specific factor inhibitor. Moreover, the assay will
miss patients with acquired APC-R. Each laboratory must
determine its own normal range for this test.

Direct DNA testing for Factor V Leiden is widely avail-
able for diagnosis. Commonly used molecular methods 
use PCR amplification of the region surrounding the 
mutation followed by restriction enzyme digestion (PCR-
RFLP), allele-specific PCR amplification, or allele-specific
hybridization. Semiautomated assay methods include
fluorescence detection of PCR products with allele-specific
hybridization probes, and non-PCR signal amplification
methods based on either enzymatic hybridization mis-
match recognition using fluorescent allele-specific probes
or linked fluorescent allele-specific pyrophosphorolysis-
kinase reactions.22 Each laboratory must insure that its
method can distinguish Factor V Leiden from an uncom-
mon polymorphism at nucleotide 1696 (A→G). In 2003,
Roche Diagnostics Corporation (Indianapolis, IN)
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obtained FDA approval for in vitro diagnostic test kits for
Factor V Leiden and the prothrombin 20210G→A gene
mutation.

Recommendations for Clinical Use of Factor V
Leiden Testing

Testing for Factor V Leiden is recommended for patients
with the following events:22

• a history of recurrent VTE;
• a first VTE before 50 years of age;
• a first VTE without clinical risk factors at any age;
• a first VTE at an unusual anatomic site such as the cere-

bral, mesenteric, portal, or hepatic veins;
• a first VTE at any age in a subject with a first-degree

family member with a VTE before 50 years of age;
• a first VTE related to pregnancy, the puerperium, oral

contraception, or hormone replacement therapy;
• unexplained pregnancy loss during the second or third

trimester.

Testing for Factor V Leiden is controversial for the fol-
lowing individuals:

• young women smokers (age <50 years) with a myocar-
dial infarction;

• older patients (age >50 years) with a first provoked VTE
in the absence of cancer or an intravascular device;

• patients with a first VTE related to SERM therapy;
• selected cases of women with unexplained severe

preeclampsia, placental abruption, or intrauterine
growth retardation.

After appropriate counseling, testing for Factor V Leiden
also may be indicated in asymptomatic adult family
members of probands with known Factor V Leiden muta-
tions, especially those with a strong family history of VTE
at a young age (<50 years), and asymptomatic female
family members that are pregnant or are considering oral
contraceptives or pregnancy.

Factor V Leiden testing is not recommended for the fol-
lowing purposes:

• general population screening;
• routine initial test during pregnancy;
• routine initial test prior to or during oral contraceptive

use, hormone replacement therapy, or SERM therapy;
• prenatal test, newborn initial test, or as a routine test in

asymptomatic prepubescent children;
• routine initial test in patients with arterial thrombotic

events.

However, Factor V Leiden testing may be appropriate for
patients with unexplained arterial thrombosis without ath-
erosclerosis or for young patients who smoke.

Clinical Management

Individuals who are heterozygous or homozygous for
Factor V Leiden with a first lifetime deep vein thrombosis
or pulmonary embolism should be treated in standard
fashion, initially with heparin (either unfractionated or
low-molecular-weight heparin), followed by oral anticoag-
ulation with a vitamin K antagonist (target INR 2.5; thera-
peutic range 2.0–3.0).22 In general, 3 to 6 months of oral
anticoagulation therapy is recommended after a first life-
time VTE for patients with Factor V Leiden, especially if the
event was associated with a transient clinical risk factor
(e.g., surgery, oral contraceptive use, pregnancy, or the
puerperium). The need for lifelong anticoagulation after a
first episode of VTE for patients with Factor V Leiden has
not been established by appropriate clinical trials. There-
fore, indefinite anticoagulation should be recommended
only after careful consideration of the risks and benefits.
Indefinite anticoagulation may be recommended for
patients with Factor V Leiden who have an idiopathic or
life-threatening VTE (especially in the presence of reduced
cardiopulmonary functional reserve), have more than one
hereditary thrombophilia, are homozygous for a hereditary
thrombophilia, or have additional persistent clinical risk
factors (e.g., malignant neoplasm, serious neurologic
disease with extremity paresis, antiphospholipid antibod-
ies). Hereditary thrombophilia patients (or any patient)
with recurrent unprovoked VTE should be considered for
indefinite anticoagulation therapy.

Women with Factor V Leiden and a history of unpro-
voked VTE should receive prophylactic anticoagulation
with heparin or low-molecular-weight heparin during preg-
nancy and for at least 6 weeks postpartum. Routine anti-
coagulation therapy is not recommended for individuals
with Factor V Leiden who also have atherosclerotic arterial
occlusive disease. However, for patients with myocardial
infarction or stroke and Factor V Leiden, anticoagulation
therapy for secondary prevention may be appropriate.

Anticoagulation therapy is not recommended for
asymptomatic individuals with Factor V Leiden. Factor V
Leiden carriers (with or without previous VTE) should
receive appropriate prophylaxis when exposed to risk
factors. Standard prophylaxis recommendations are
sufficient for most types of surgery. A possible exception is
an asymptomatic Factor V Leiden carrier undergoing hip-
replacement surgery, who might be at increased risk of
symptomatic VTE for several weeks after surgery. These
patients should receive extended out-of-hospital prophy-
laxis, especially in association with obesity or prolonged
immobilization.

Prophylactic anticoagulation is not routinely recom-
mended in pregnant Factor V Leiden carriers with no
history of thrombosis. Decisions about anticoagulation
should be individualized based on the genotype (heterozy-
gous or homozygous) and coexisting risk factors. Asymp-
tomatic women who do not receive anticoagulation should
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be followed closely throughout pregnancy and given pro-
phylaxis during the puerperium.

PROTHROMBIN 20210G→A MUTATION

Molecular Basis of Disease

The prothrombin (Pt) 20210G→A mutation is a relatively
common polymorphism that affects the 3′-terminal
nucleotide of the prothrombin gene 3′-untranslated region.25

Individuals with this polymorphism have increased plasma
prothrombin levels. The Pt 20210G→A mutation causes 
a gain of function due to increased recognition of the
polyadenylation cleavage signal, increased 3′ end RNA 
processing, mRNA accumulation, and increased protein 
synthesis.26 A family-based study has shown close linkage
between a quantitative trait locus determining plasma 
prothrombin activity and the Pt 20210G→A mutation.27

Plasma prothrombin concentration is a major determin-
ant of plasma thrombin generation potential. Thrombin 
generation is increased in the plasma of heterozygous 
and homozygous Pt 20210G→A mutation carriers. High 
plasma prothrombin levels also inhibit APC-mediated in-
activation of procoagulant F5a, further augmenting throm-
bin production.

Based on haplotype analyses, the Pt 20210G→A muta-
tion also appears to be a founder mutation, arising 20,000
to 30,000 years ago, and after the divergence of Africans
from non-Africans and of Caucasoid from Mongoloid sub-
populations. In Europe, the overall carrier frequency is 2%,
ranging from 1.7% in northern Europe to 3.0% in south-
ern Europe. In the United States, the estimated overall
carrier frequency is 1% to 2%. The mutation is uncommon
among African Americans and rarely seen among Asian
Americans and Native Americans.28

Clinical Utility of Testing

The Pt 20210G→A mutation has been associated with 
a 2- to 3-fold increased risk of VTE incidence. The VTE 
risk among Pt 20210G→A carriers is compounded by
deficiency of AT, PC, or PS, or by Factor V Leiden. Women
with the Pt 20210G→A mutation who are taking oral con-
traceptives have a 16-fold increased risk for deep vein
thrombosis or pulmonary embolism, and a 150-fold
increased risk of cerebral vein thrombosis. While the VTE
risk among individuals homozygous for the Pt 20210G→A
mutation is likely higher than the risk among heterozy-
gotes, this mutation is a relatively weak risk factor com-
pared to deficiency of PC or PS. Compared to noncarriers
with VTE, the risk of recurrent VTE does not appear to 
be increased for individuals heterozygous for the Pt
20210G→A mutation. However, the risk of recurrence is
increased for individuals with both a heterozygous Pt
20210G→A mutation and Factor V Leiden.

Available Assays

Although Pt 20210G→A carriers have statistically higher
plasma prothrombin activity, the normal range for plasma
prothrombin activity is quite broad. Thus, plasma pro-
thrombin activity cannot accurately distinguish Pt
20210G→A carriers from noncarriers and is not of value
for diagnosis. Direct DNA testing for the specific mutation
is required for diagnosis. Molecular testing methods avail-
able for the Pt 20210G→A mutation are essentially the
same as for Factor V Leiden. Each laboratory must ensure
that its method can distinguish the Pt 20210G→A from an
uncommon polymorphism at nucleotide 20209 (C→T). In
2003, Roche Diagnostics Corporation (Indianapolis, IN)
obtained FDA approval for in vitro diagnostic test kits for
Factor V Leiden and the prothrombin 20210G→A gene
mutation. Recommendations for prothrombin 20210G→A
mutation testing and management are essentially the same
as for Factor V Leiden.

HYPERHOMOCYST(E)INEMIA

Molecular Basis of Disease

Homocysteine is a non-protein-forming, sulfhydryl amino
acid that is an intermediary between methionine and 
cysteine (Figure 12-9). Homocysteine is formed by intra-
cellular demethylation of dietary methionine. Homocys-
teine is converted to cysteine in a two-step transsulfuration
pathway that requires initial condensation of homocysteine
with serine to form cystathionine. The latter reaction is cat-
alyzed by cystathionine-β-synthase (CBS) and requires the
essential cofactor pyridoxal 5′-phosphate (vitamin B6). In
the second step, catalyzed by cystathionine γ-lyase, cys-
tathionine is hydrolyzed to α-ketobutyrate and cysteine.
Homocysteine can be remethylated to methionine via two

H

Tetrahydrofolate Methionine

Homocysteine

Cystathionine

Pyridoxal
phosphate

1. Cystathionine synthase
2. Betaine homocysteine methyltransferase
3. N3-methyltetrahydrofolate homocysteine
       methyltrasferase
4. 5, 10-methylenetetrahydrofolate reductase

Adenosine

S-adenosylmethionine

S-adenosylmethionine

Methyl-
cobalamin

5, 10-methylenetetra-
hydrofolate reductase

HOOC  C   CH2   CH2   S   CH3

CH3

5-methylenetetra-
hydrofolate

NH2

H
HOOC  C   CH2   CH2   S   CH3 C   COOH

NH2

H1

NH2

N1N-dimethyglycine

Betaine

Serine Pyridoxal phosphate

23

4

Figure 12-9. Homocysteine metabolism pathway.



12. Coagulation Disorders 149

pathways. In the first, a methyl group is donated by methyl-
tetrahydrofolate in a reaction catalyzed by methyltetrahy-
drofolate-homocysteine methyltransferase and requiring
cobalamin (vitamin B12). Tetrahydrofolate (folic acid) is
remethylated to methyltetrahydrofolate in a reaction that
includes the intermediary 5,10-methylenetetrahydrofolate
and requires the enzyme methylenetetrahydrofolate 
reductase (MTHFR). In the second pathway, betaine 
(trime-thyl-glycine) donates a methyl group to remethylate 
homocysteine to methionine in a reaction requiring
betaine-homocysteine methyltransferase. Remethylation is
primarily responsible for regulation of fasting homocys-
teine levels, while transsulfuration mainly regulates higher
homocysteine levels as occur in the postprandial state or
after methionine loading.29

Homocystinuria is a rare inherited disorder affecting 3 to
5 per million of the general population, and usually is caused
by severe deficiency of CBS. Most patients are homozygous
or compound heterozygous for one or more of three muta-
tions (833T→C, 919G→A, or 1224A→C) within the CBS
gene located in the subtelomeric region of chromosome 21
(21q22). Heterozygotes often have normal basal plasma
homocysteine levels but develop hyperhomocysteinemia
after a methionine load.29 Although rare, severe MTHFR
deficiency also can cause homocystinuria. Homozygotes for
the common MTHFR 677C→T mutation who become folate
deficient may develop mild hyperhomocysteinemia. This
mutation encodes for substitution of a valine for alanine at
amino acid position 223.Approximately 12% of the U.S. pop-
ulation is homozygous for this mutation.

Clinical Utility of Testing

Patients with homocystinuria are at markedly increased
risk for both atherosclerotic arterial occlusive disease and
VTE. About 25% of patients with homocystinuria develop
a thrombotic vascular occlusive event by age 16 years, and
about 50% develop such an event by age 29 years.30 Of
these, about half are arterial occlusive events (e.g., stroke,
myocardial infarction, or peripheral artery thrombosis),
and the remainder are VTE. The event rate is significantly
reduced by vitamin therapy in B6-responsive patients.29

Homocystinuric patients generally have plasma homo-
cyst(e)ine levels of 100 to 300 µmol/L. Multiple case-control
studies have found that milder hyperhomocysteinemia
(e.g., 15 to 100 µmol/L) is a risk factor for both arterial
occlusive disease and VTE, with odds ratios of about 2.2 to
3.0.29 However, there is concern that these studies may have
been confounded because plasma homocysteine levels may
be elevated after thrombotic vascular events. Indeed,
although fewer in number, prospective studies have pro-
vided conflicting results. Thus, hyperhomocysteinemia
appears to be a weak risk factor for thrombotic arterial
occlusive disease, while the risk for VTE remains uncertain.
Heterozygotes for the MTHFR 677C→T mutation are not at
risk for hyperhomocysteinemia, thrombotic arterial occlu-

sive disease, or VTE. While homozygotes are at increased
risk for hyperhomocysteinemia, homozygosity for the
MTHFR 677C→T mutation in the absence of hyperhomo-
cysteinemia is not an independent risk factor for either
arterial or venous thrombosis. There are no studies
showing that reduction in plasma homocysteine levels by
therapy with vitamins B6 or B12 or folic acid reduces the risk
for arterial or venous thrombosis. Testing for hyperhomo-
cysteinemia is recommended for patients with documented
atherosclerotic arterial occlusive disease (e.g., coronary
artery, cerebrovascular, or peripheral vascular), while
testing patients with VTE remains controversial. Genotyp-
ing for the MTHFR 677C→T mutation may provide insight
into the etiology of hyperhomocyst(e)inemia but does not
influence therapy or warrant family counseling.

Available Assays

Acceptable assays for plasma homocyst(e)ine include
HPLC and immunoassay.28 Each laboratory should deter-
mine its own gender- and local population-specific refer-
ence ranges. The basal plasma homocysteine level should
be determined first, and if elevated, further investigation
regarding the potential cause as well as therapeutic inter-
vention should be considered. It is unclear whether plasma
homocysteine levels should be tested after an overnight
fast. Because plasma homocysteine levels can be elevated
for several months after myocardial infarction or stroke,
testing should be delayed accordingly. In addition 
to vitamin deficiency, impaired renal function and
hypothyroidism are other common causes of hyperhomo-
cyst(e)inemia. Vitamin B12 deficiency should be excluded
prior to beginning therapy since high-dose folic-acid
therapy can precipitate acute B12 neuropathy. If the basal
homocysteine level is normal, methionine loading (0.1 g/kg
body weight or 3.8 gm/m2 body surface area with meas-
urement of plasma homocysteine 4 to 6 hours after the
load) should be considered since 25% to 40% of sympto-
matic patients develop hyperhomocyst(e)inemia only after
methionine loading. Therapy includes folic acid (0.5 to 
1.0 mg/day), vitamin B12 (400 to 1000 µg/day), and/or
vitamin B6 (20 to 50 mg/day).30
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Chapter 13
Hematologic Disorders: Hemochromatosis,
Hemoglobinopathies, and Rh Incompatibility
Daniel B. Bellissimo

The HFE protein is a 343 amino acid transmembrane
protein that is homologous to major histocompatibility
(MHC) class I molecules and associates with β2-microglob-
ulin. The HFE protein is found in the crypt cells of the duo-
denum, the site of dietary iron absorption. At the cell
surface, HFE complexes with the transferrin receptor and
may decrease the receptor’s affinity for iron-loaded trans-
ferrin or block tranferrin’s binding to the receptor.3 The
C282Y mutation disrupts a conserved disulfide bridge
within HFE, which disrupts HFE secondary structure
required for binding to β2-microglobulin and subsequent
transport to the cell surface. The C282Y HFE protein
remains in the Golgi apparatus rather than being trans-
ported to the cell surface. The H63D mutation protein
product is expressed on the cell surface, but likely cannot
interact normally with the transferrin receptor and there-
fore does not properly modulate the receptor’s binding of
transferrin.

The frequency of the C282Y and H63D mutations in dif-
ferent ethnic groups has been reviewed.2 These mutations
are most common in populations of European descent. A
pooled analysis of several white population studies found
that the frequency of C282Y homozygosity was 0.4% 
and heterozygosity was 9.2% (Table 13-1). The frequency
of H63D homozygosity was 2% and heterozygosity 
was 23%. Compound heterozygosity (C282Y/H63D) was 
2%. The frequency of HFE genotypes in HHC cases was
77.5% for C282Y/C282Y, 5.3% for C282Y/H63D, and 1.5%
for H63D/H63D. The pooled odds ratio (OR) for each 
HFE genotype was determined in another study.7 The
C282Y/C282Y genotype had the highest risk for iron over-
load (OR = 4383). For the C282Y/H63D, H63D/H63D, and
C282Y heterozygote (C282Y/+), the ORs were 32, 5.7, and
4.1, respectively. The high frequency of HHC patients with
the C282Y/C282Y genotype suggests that the penetrance
for this genotype is very high. However, additional studies
designed to estimate the penetrance suggest that only a
minority of C282Y homozygotes develop clinical disease
resulting from iron overload. Currently, the best estimates
of the penetrance range from 1% to 50%. The penetrance
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HEMOCHROMATOSIS

Molecular Basis of Disease
Hereditary hemochromatosis (HHC) is an autosomal
recessive disorder of iron metabolism resulting from excess
iron storage in the liver, skin, pancreas, heart, joints, testes,
and pituitary gland. If left untreated, life-threatening com-
plications such as cirrhosis, diabetes, liver cancer, and car-
diomyopathy may result. Iron overload and the resulting
clinical complications can be avoided by early diagnosis
and periodic phlebotomy to reduce the body’s iron 
stores.

HHC was known to be associated with the human leuko-
cyte antigen (HLA)-A3 and later was linked to HLA-A on
the short arm of chromosome 6. In 1996, a gene related to
the HLA class I family was identified as a gene for HHC and
subsequently called HFE.1 The gene located at 6p21.3 is
approximately 10 kilobases (kb) and resides approximately 
4.6 megabases telomeric from the HLA-A gene. Extensive
reviews on the HFE gene and HHC are available.2–4 The role
of HFE in HHC and iron homeostasis is supported by the
fact that an HFE knockout mouse develops iron overload
similar to that seen in HHC.

Two allelic variants of the HFE gene, C282Y (845G→A)
and H63D (187C→G), are significantly correlated with
HHC, and most of the clinical studies have focused on these
variants. These two variants are usually not found on the
same chromosome. Several other HFE allelic variants have
been described, but little is known regarding their pheno-
typic effects. However, the S65C mutation has been impli-
cated in HHC.2 Although the HFE gene appears to be
involved in the majority of HHC patients, there are popu-
lations in which hemochromatosis does not show linkage
to HFE.3 Mutations in two other genes, TFR2 (7q22) and
SLC11A3 (2q32), have been shown to cause HHC.5,6 In addi-
tion, a juvenile form of HHC has been linked to 1q21 and
19q13. For all these mutations, HHC is inherited in an 
autosomal recessive manner, except for SLC11A3, which is
autosomal dominant.
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of the C282Y/H63D and H63D/H63D genotypes is much
lower, ranging from 0.3% to 1.4% for C282Y/H63D and
0.04% to 0.2% for H63D/H63D.

Clinical Utility of Testing

Diagnosis of HHC is based on clinical, biochemical, histo-
logical, and molecular studies, specifically tests such as
transferrin saturation, ferritin concentration, evaluation of
iron stores by liver biopsy, and genotyping for C282Y and
H63D mutations in the HFE gene. Due to the reduced pen-
etrance of C282Y, the even lower penetrance of H63D, and
the presence of other mutations within HFE or in other
genes related to HHC, the diagnosis or ruling out of HHC
cannot be made with a molecular test alone. However, in
patients with clinical and biochemical symptoms of iron
overload, molecular testing can be useful in confirming the
diagnosis of HHC.

After the diagnosis of HHC is made in the proband, other
family members may be at higher risk than the general
population for developing iron overload. These individuals’
iron status can be monitored as appropriate. The HFE geno-
typing test can be used to identify individuals with the
same genotype as the proband; these individuals would be
at higher risk for developing iron overload than family
members who did not inherit the mutations present in the
proband. At least at this time, the benefit and value of using
genotyping to direct genetic counseling and monitoring of
asymptomatic family members must be weighed against
the possible stigmatization and genetic discrimination that
could occur by identifying individuals who are at increased
risk for HHC.

Since simple phlebotomy can prevent iron overload and
its severe clinical complications, population screening for
HHC may be justified. However, given the low penetrance
of the HFE genotypes, the majority of individuals
identified with HFE mutations would be unlikely to
develop clinical symptoms associated with HHC and yet
might be subject to stigmatization and/or genetic discrim-
ination as a result of the testing. At this time, population
screening for HHC is not recommended until further
details regarding the benefits and risks of screening are
available.4 Requests for prenatal testing for HHC are 
highly unusual, and such testing would not be ethical
because HHC is a treatable adult onset disorder with low
penetrance.

Genetic counseling is recommended for HFE mutation
results to ensure an accurate assessment of the risk of
disease. HHC caused by the C282Y and H63D mutations is
inherited in an autosomal recessive manner, so the usual
risk to siblings of a proband is 25%. However, due to the
high carrier frequency of the C282Y mutation in the pop-
ulation (9% to 11%), the possibility exists that the parents
of an affected individual can be heterozygous or homozy-
gous for the mutation or that the spouse of an individual
with HHC may also be a mutation carrier. The risk assess-
ment should include the most current estimates of the
disease penetrance.

Available Assays

As the C282Y and H63D mutations are single nucleotide
polymorphisms, they can be accurately detected using a
variety of methods. The first method described for these
mutations was an oligonucleotide ligation assay (OLA).1

The primers described by this group to amplify the regions
of the HFE gene have been used in a variety of assays.
However, polymorphisms in one primer binding site
sequence has been described8,9 and has the potential to
result in a diagnostic error. Using primers that do not
include the polymorphisms eliminates this potential error.
The possible interference of the S65C mutation with the
detection of H63D should also be considered in assay
design. A number of additional assay methods for these
mutations have been described, including–polymerase
chain reaction restriction fragment length polymorphism 
(PCR-RFLP), allele-specific PCR (AS-PCR), allele-specific
oligonucleotide (ASO) hybridization, single-nucleotide
primer extension, and real-time PCR methods (reviewed in
Reference 10).

The most common method for detection of C282Y and
H63D is PCR-RFLP. C282Y is detected by digestion of the
PCR product with Rsa I, and H63D is detected by using 
Bcl I or Mbo I. The digested PCR products are analyzed by
gel electrophoresis. The advantage of this assay is that
optimization is relatively straightforward and expensive 
equipment is not required. The disadvantage is a longer
turnaround time for testing. AS-PCR assays distinguish the
normal and mutant alleles directly only by additional gel
electrophoresis, so the post-PCR processing is reduced
(Figure 13-1). The AS-PCR reactions require careful opti-
mization, and multiple reactions are required to determine

Table 13-1. HFE Genotype Frequencies and Their Contribution to Hereditary Hemochromatosis

Genotype Population Frequency Pooled Odds Ratio 95% CI % HHC Cases

C282Y/C282Y 0.4% 4383 1374–>10,000 77.5
C282Y/H63D 2.0% 32 18.5–55.4 5.3
H63D/H63D 2.0% 5.7 3.2–10.1 1.5
C282Y/+ 9.2% 4.1 2.9–5.8 3
H63D/+ 23% 1.9 1.5–2.5 3

Source: Data are from References 2 and 7.
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the genotype. Real-time PCR instruments, such as the
Lightcycler (Roche Diagnostics, Indianapolis, IN), couple
PCR with fluorescent hybridization probe analysis for
mutation detection. A melting curve of the hybridization
probe fluorescence can be used to detect changes in
thermal stability and therefore discriminate single base
mutations in a single reaction. An additional advantage of
the real-time PCR is that new sequence variations in the
probe regions are also detected. For example, the probe for
H63D also detects the S65C mutation.3 The technique has
a wide dynamic range, requires no additional processing,
and is rapid. A typical instrument cycle takes 40 minutes.
The high cost of the equipment is the main disadvantage.
For each assay technique, the appropriate negative and pos-
itive controls are required to demonstrate the specificity of
the assay.

Interpretation of Test Results

The analytic sensitivity for detecting these mutations should
be >99%. False positives and false negatives are rare.
However, sequence variations in primers, probes, and restric-
tion sites have the potential to lead to a diagnostic error. A
polymorphism reported at the 3′ end of one of the primers
described in the original publication1 was reported to prevent
the amplification of wild-type C282Y alleles with some assay
methods.8 Interpretations should be made in the context of
all clinical information and account for the reduced pene-
trance and variable expression observed with HHC.Although
genotyping may confirm a diagnosis of HHC in the presence
of other signs of iron overload, the utility as a predictive indi-
cator of HHC is less certain. In addition, genotyping of
affected individuals within a pedigree may indicate the pres-
ence of other mutations in HFE or other genes. At this time,
genotype alone cannot be used to diagnose, predict, or rule
out a diagnosis of HHC. Future studies on the penetrance of
these mutations and the benefits of screening for HHC risk
should help to clarify these issues.

Laboratory Issues

Proficiency testing for C282Y and H63D mutations in the
HFE gene is available through the College of American
Pathologists (CAP) Molecular Genetics Laboratory (MGL)

survey. Cell-line controls can be purchased from Coriell
Cell Repositories. (http://ccr.coriell.org/). At the present
time, commercial analyte specific reagents (ASRs) are
available from Third Wave Technologies, Inc. (Madison,
WI), Bio-Rad Laboratories (Hercules, CA), and Nanogen
Inc. (San Diego, CA). Due to patents on the HFE gene that
are currently held by Bio-Rad Laboratories, licensing may
be required to perform this test.

HEMOGLOBINOPATHIES

Molecular Basis of Disease

Hemoglobinopathies are the most common single-gene
diseases in the world; approximately 5% of the world’s pop-
ulation is a carrier for one of the hemoglobin disorders.
The extensive study of these disorders has led to much of
our knowledge regarding protein structure and function,
mutational mechanisms, gene expression during develop-
ment, and evolution. Many extensive reviews of these 
disorders are available.11–13 A list of the numerous 
characterized mutant alleles is available at the Globin Gene
Server (http://globin.cse.psu.edu) and the Human Gene
Mutation Database (HGMB) (http://www.uwcm.ac.uk/
uwcm/mg/hgmd0.html).

Hemoglobin (Hb) functions as an oxygen carrier in ver-
tebrate red cells. The protein is a tetramer consisting of two
α and two β chains. Each subunit contains a heme pros-
thetic group that is responsible for the oxygen-binding
capacity of the protein. These chains are highly homolo-
gous to one another at the primary sequence level as well
as in three-dimensional structure. Six different globin
chains (α, β, γ, δ, ε, ζ) are found in normal human hemo-
globins at various times during development.11,12 The α and
β chains are encoded by separate genetic loci (Figure 13-
2). The α and α-like chains (ζ, Ψζ, Ψα) are clustered on
chromosome 16. In addition, there are two copies of the α-
globin genes, α1 and α2, on each chromosome 16. The β and
β-like chains (ε, Gγ, Aγ, Ψβ, δ) are clustered on chromo-
some 11.

The developmental regulation of these genes is impor-
tant to the understanding of many of the hemoglobin 
disorders. The gene order in each cluster is identical to 
the order of expression during development. In each 
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Figure 13-1. Allele-specific PCR assay for Cys282Tyr (C282Y)
and His63Asp (H63D) mutations of the HFE gene. Each sample
is tested with 4 reactions. The first and second reactions detect
the Cys282 and Tyr282 mutations, respectively. The third and
fourth reactions detect His63 and Asp63 mutations, respec-
tively. Each reaction contains a control PCR product generated
from the human growth hormone gene (HGH). Examples of
C282Y/H63D compound heterozygous, C282Y homozygous, and
two H63D homozygous genotypes are shown.
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developmental stage, there is an equimolar production of
α and β chains. Very early in the embryonic stage, ζ2ε2

(Hb Gower 1) is expressed. As the α and γ genes become
transcriptionally active, α2ε2 (Hb Gower 2) and ζ2γ2 (Hb
Portland) are expressed. In the fetal stage, the Hb is 
predominantly α2γ2 (Hb F). In normal adults, the Hb is
about 98% α2β2 (HbA), and the balance is δ2β2 (HbA2). In
addition to promoters and enhancer elements, the locus
control region (LCR) is responsible for developmental
expression of these genes. The LCR for the β locus is
approximately 20 kb upstream of the ε-globin gene and the
LCR for the α locus is approximately 40 kb upstream from
the ζ-globin gene. The LCR is required for expression of all
the globin genes at the locus.

The difference in gene dosage and expression patterns
between and α and β genes is significant. Each diploid
genome encodes four copies of the α gene and two copies
of the β gene, making the β globin chain more susceptible
to mutations. However, since γ globin is expressed during
fetal life and shortly after birth, β globin mutations do not
exert their deleterious effects during the prenatal period.
In contrast, since α chains are expressed during fetal and
postnatal life, mutations in the α chain can cause severe
disease during both developmental stages.

The hemoglobinopathies are commonly divided into
three categories: structural variants, thalassemias that are
characterized by reduced rates of production of α or β
chains, and hereditary persistence of fetal hemoglobin
(HPFH) characterized by defective β-chain production
compensated by γ-chain production.11 These categories are
not exclusive, as structural variants, which result in unsta-
ble hemoglobins, can be associated with a thalassemia 
phenotype. Although an extensive number of abnormal
hemoglobins have been described, this chapter focuses on
two of the most common structural variants, sickle hemo-
globin (HbS) and HbC, and the more common forms of α-
and β-thalassemia.

Sickle hemoglobin results from a single nucleotide sub-
stitution (GAG→GTG) that changes codon 6 of the β-
globin gene from a glutamic acid to a valine (Glu6Val).
Homozygosity for this mutation causes sickle cell disease
(SD), an autosomal recessive disorder. SD is a major 

cause of morbidity and mortality in Africa and in popu-
lations with individuals of African descent such as the
Mediterranean area, the Middle East, and India.11 Under
the condition of low oxygen tension present in the
microvasculature, HbS polymerizes into fibers that cause
the erythrocytes to sickle. The poor deformability of the
sickle red cells and their defective passage in the micro-
circulation causes the vasoocclusive events that are the
hallmark of this disease. The shortened survival of these
red cells leads to a chronic hemolytic anemia. The 
frequency of SD is 1 in 600 in African Americans;
the heterozygote frequency in African Americans is 
approximately 8%, but the frequency in Africa can be much
higher.12 The frequency of the HbS allele, as well as alleles
causing thalassemia, is maintained by their protective
effect against malaria. The heterozygous state, sickle cell
trait, is clinically normal but may be at risk for vasoocclu-
sive events when exposed to low oxygen tension such as
flying at high altitude in an airplane with reduced cabin
pressure.

The sickling disorders also include compound heterozy-
gous states with the HbS mutation in association with
another α- or β-globin variant such as HbC, or α- or β-
thalassemia. Similar to HbS, HbC also has an amino acid
substitution at position 6 of the β-globin gene (Glu6Lys).
HbC is less soluble than HbA and leads to reduced
deformability of the red cells and a mild hemolytic anemia.
The allele is frequent in persons of African descent;
approximately 3% of African Americans are carriers.12

Individuals with βSβC have SC disease. SC disease is a
milder hemolytic disorder than SD and therefore may go
unrecognized until a serious complication occurs.

The thalassemias result from the reduced synthesis or
stability of either the α- or β-globin chain. The chains in
excess due to the α : β imbalance precipitate within the red
blood cells, leading to membrane damage and red cell
destruction. The defect produces a hypochromic, micro-
cytic anemia. The population distribution of thalassemia
includes the Mediterranean, Middle East, portions of
Africa, India, and Southeast Asia; however, the migration of
these populations has resulted in the worldwide occur-
rence of these diseases.11,12
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Figure 13-2. Genomic organization and developmental
expression of the α- and β-globin gene clusters. The boxes iden-
tify the locus control region (LCR; diagonal), pseudogenes
(white), exons (black), and introns (gray). The developmental
time periods for the expression of the β-globin genes are indi-
cated by the dashed lines. (Adapted from Stamatoyannopoulos G,
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Philadelphia: W.B. Saunders, 1994:107–155.)
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The most common forms of α-thalassemia are caused by
deletion. The genetics of α-thalassemia are complicated by
the fact that each normal chromosome has two α genes and
that there are haplotypes with either the loss of one (-α) (α+

thalassemia) or both (—) (αo thalassemia) copies of
the α gene. In addition to the normal genotype, four addi-
tional genotypes are possible: silent carrier (αα/-α), α-
thalassemia trait (-α/-α or –/αα), HbH (β4) disease (-α/–),
and hydrops fetalis, Hb Barts: γ4 (–/–). Individuals with HbH
disease have a moderately severe hemolytic anemia, while
the inheritance of no copies of the α gene (Hb Barts) is
incompatible with life. Carriers of α-thalassemia trait have
only a mild hypochromic microcytic anemia, but couples
with these genotypes are at risk for having a fetus with
hydrops fetalis or a child with HbH disease. The (—) geno-
type, and therefore the risk of hydrops fetalis, is largely
restricted to Southeast Asia, while in other groups the (-α)
genotype is more common.11,12 Distinguishing these two
carrier states is important for accurate genetic counseling.
The most widely occurring single α-globin gene deletions
are -α3.7 and -α4.2. The double α-globin gene deletions –SEA,
–FIL, and –THAI are common in Southeast Asia while –MED and
-(α)20.5 are more common in the Mediterranean area.
Nondeletion α-thalassemia alleles are rare, but the αConstant

Spring, a mutation in the termination codon of the α2 gene, is
frequently present in Southeast Asia.

The β-thalassemias are mainly inherited in an autoso-
mal recessive manner, although there are some dominant
forms. Heterozygotes are asymptomatic but with recogniz-
able hematologic parameters including an elevated HbA2.
Homozygotes develop a severe anemia within the first year
of life as the switch from γ to β chains occurs. In contrast
to α-thalassemia, β-thalassemias are heterogeneous at 
the molecular level. The molecular mechanism of the
mutations is equally varied. Most mutations are single-
nucleotide substitutions or frameshift mutations. More
than 200 disease-causing mutations have been identified in
the β-globin gene; however, within each at-risk population
there is a set of four to ten mutations that account for the
majority of disease-causing alleles (Table 13-2).13 HbE is a
β-globin variant (Glu26Lys) that can cause a mild tha-
lassemia phenotype. It is one of the most common Hb vari-
ants, and the frequency is high in Southeast Asia. Although
HbE homozygotes are asymptomatic, genetic compound

heterozygotes with another β-thalassemia allele will have
an abnormal phenotype. Although deletions are rare, a 619
base pair (bp) deletion involving the 3′ end of the β-globin
gene is common in India and Pakistan, accounting for
approximately 30% of the β-thalassemia alleles.11,12 β-
thalassemia also may result from deletion of part of the
globin gene cluster (e.g., δβ-thalassemia) or from deletions
that start 50 to 100 kilobases (kb) upstream from the 
globin gene cluster and extend 3′ into the cluster (εγδβ-
thalassemia). Some of these deletions lead to HPFH. In
addition, there are fusion chain variants such as Hb Lepore,
a δβ+ thalassemia. Mutations either completely (βo-
thalassemia) or partially (β+-thalassemia) abolish β-
chain production. Milder phenotypes have been recog-
nized that can be explained at the molecular level by
homozygosity or compound heterozygosity for mild or
silent mutations, coinheritance of α-thalassemia, or 
coinheritance of a genetic determinant that increases the
production of the γ chain.

Clinical Utility of Testing

Sickle cell disease and α- and β-thalassemias and their
carrier states can be diagnosed using standard red-cell
indices such as Hb, red blood cell number, mean corpus-
cular volume (MCV), and red cell distribution (RDW)
along with Hb electrophoresis or high-performance liquid
chromatography (HPLC). The main application of molec-
ular testing is for prenatal diagnosis. When a carrier is
identified by abnormal hematologic analysis, the carrier’s
partner can be screened for carrier status. Molecular
testing can be used to identify the disease-causing muta-
tions. Prenatal molecular testing can be offered to couples
whose gene mutations have been identified. Testing also
can be used to identify mutations in partners with border-
line or normal hematologic values when one partner is
clearly a carrier, since these couples are at risk for having
a fetus with thalassemia. This testing model has been suc-
cessfully used in population screening to reduce the inci-
dence of thalassemia. In states where hemoglobinopathies
are included in the newborn screen, α-thalassemia trait 
can be detected by the presence of Hb Barts. Since α-
thalassemia trait can be asymptomatic or the microcytic

Table 13-2. Population-Specific Mutations in β-Thalassemia

Population Percentage of Patients Most Common Mutations

Mediterranean 91–95% -87 C→G, IVS1-1 G→A, IVS1-6 T→C, IVS1-110 G→A, cd 39 C→T, IVS2-745 C→G
Middle East Cd 8 −AA, cd 8/9 +G, IVS1-5 G→C, cd 39 C→T, cd 44−C, IVS2-1 G→A
Indian -619bp deletion, cd 8/9 +G, IVS1-1 G→T, IVS1-5 G→C, 41/42 −TTCT
Thai -28 A→G, 17 A→T, 19 A→G, IVS1-5 G→C, 41/42−TTCT, IVS2-654 C→T
Chinese -28 A→G, 17 A→T, 41/42−TTCT, IVS2-654 C→T
African/African American 75–80% -88 C→T, −29 A→G, IVS1-5 G→T, cd 24 T→A, IVS11-949 A→G, A→C

Source: Reprinted with permission from Cao A, Galanello R. Beta-thalassemia. GeneReviews [database online]. Seattle, WA: University of
Washington. Updated March 18, 2003.
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anemia can be mild, molecular testing can help to differ-
entiate trait from iron deficiency. For α-thalassemia, pre-
natal diagnosis predominantly is used in situations where
both members of the couple are carriers of the double α-
gene deletion chromosome, as only these couples are at risk
for having a fetus with hydrops fetalis. Although the αo-
gene is found almost exclusively in the Southeast Asian
population, molecular testing can be used to distinguish
the two α-thalassemia carrier states (-α/-α vs –/αα). In
addition to prenatal testing for β-thalassemia, molecular
testing can be useful for the prediction of the clinical phe-
notype by identifying mild and silent alleles and for
presymptomatic diagnosis of at-risk family members. Mol-
ecular testing may also be useful in recognition of complex
heterozygotes in populations where multiple hemoglo-
binopathies are common.

Available Assays

HbS and HbC are caused by single-base substitutions, so a
number of assay formats are suitable as long as the muta-
tions can be distinguished from one another. One of the
most common methods is PCR-RFLP.14 Modified primers
are used to introduce restriction sites so the βA, βS, and βC

alleles can be identified using Ava I and Sty I. A real-time
PCR method using hybridization probes also has been
described that can readily identify the βE allele in addition
to the βA, βS, and βC alleles.15

The conventional method for detecting α-gene deletions
has been Southern blot using probes to the ζ- and α-globin
genes. The ζ-globin probe is useful for detecting deletion
breakpoint fragments because the α-globin probe will fail
to hybridize to a fragment in an αo-thalassemia fetus.16 A
number of PCR-based methods have been described that
detect the most common αo and α+ deletions.17 Since these
deletions either partially or completely remove the α2
globin gene, its detection by PCR indicates heterozygosity
when a deletion allele is present. The PCR assays are faster,
less expensive, and easier to interpret than Southern blot,
although the PCR has to be carefully optimized to faithfully
amplify the GC-rich sequences at this locus.

Since the mutations causing β-thalassemia are mainly
single-nucleotide substitutions, a number of assays using
ASO hybridization, AS-PCR, PCR-RFLP,18 and real-time
PCR with hybridization probes have been described.19

These assays target population-specific mutations. If muta-
tions are not identified, then alternate methods to detect
other mutations can be used. The size of the β-globin gene,
about 1.6 kb containing three exons, is amenable to DNA
sequencing. The advantage of DNA sequencing is that vir-
tually all β-globin mutations can be detected. Unknown
mutations also have been identified using denaturing high-
performance liquid chromatography (DHPLC). The 619 bp
deletion involving the 3′ end of the β-globin gene that is
common in India and Pakistan is detectable by PCR or
Southern blot analysis.

Interpretation of Test Results

Hematologic screens are more than 95% accurate, with
occasional problems detecting carriers with mild pheno-
types. The analytic sensitivity for detecting gene mutations
should be greater than 99%. False positives and false neg-
atives are rare. However, sequence variations in primers,
probes, and restriction sites have the potential to lead to a
diagnostic error. The mutation resulting in HbC occurs at
1 bp from the HbS mutation. There is the potential for a
diagnostic error with a test that does not clearly distin-
guish the two mutations.

The mutation detection rate for α- and β-thalassemia
will depend on the mutations in the panel and the patient’s
ethnicity. For α-thalassemia, greater than 95% of the muta-
tions are deletions; the majority of these deletions can be
detected in the current assays. For β-thalassemia, if a muta-
tion is not detected in a patient with trait, then DNA
sequencing should be considered to identify the muta-
tion. The detection rate using DNA sequencing for β-
thalassemia is approximately 99% depending on the actual
coverage of the sequence. Deletions larger than the PCR
product size or ones that abolish the PCR primer sites will
not be detected by DNA sequencing.When interpreting the
molecular analysis in relation to the clinical phenotype, the
possible coinheritance of genetic determinants that could
influence the phenotype must be considered. For example,
inheritance of an α-thalassemia allele, silent or mild β-
thalassemia allele, HPFH allele, or HbS allele would modify
the phenotype. Family studies are useful in sorting out
complex genotypes.

As most of the molecular analysis is done for prenatal
diagnosis, the possibility of maternal contamination
should be considered in interpreting the molecular test
result. The contamination with maternal cells of both
direct and cultured amniotic fluid and chorionic villus
sampling (CVS) is well documented and therefore repre-
sents a potential source of error in prenatal diagnosis. Pre-
natal samples should be tested in parallel with a maternal
sample, or both samples should be used to perform a 
separate analysis for maternal contamination using
microsatellite markers, to rule out error due to maternal
cell contamination. Laboratories should understand how
their testing methods are affected by the presence and the
amount of maternal cell contamination. The mutation
status of one or both parents, as appropriate, should be
tested prior to testing of fetal specimens, preferably within
the same laboratory.

Laboratory Issues

Proficiency testing is available for HbS and HbC through
the CAP MGL survey. Proficiency testing for α- and β-
thalassemia usually is accomplished through a sample
exchange with another laboratory that performs the testing.
DNA and cell-line controls for many of the hemoglo-
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binopathies can be purchased from Coriell Cell Reposito-
ries (http://ccr.coriell.org/). Commercial kits for the HbS,
HbC, and the common α- and β-thalassemia mutations are
available from Bio-Rad Laboratories (Hercules, CA).

RH INCOMPATIBILITY

Molecular Basis of Disease

The Rh antigens are expressed on proteins encoded by two
distinct but highly homologous genes, RHD and RHCE, on
chromosome 1p34.3-36.1.20 The RHD and RHCE genes are
arranged in tandem and likely arose through duplication
of a single ancestral gene. The D antigen is expressed 
from RHD and the C/c and E/e antigens are expressed from
RHCE. The most common RHD-negative allele results from
the total deletion of RHD; however, there are a number of
other sequence variations that may result in the loss of
expression of the D antigen. Sequence homology and com-
plementation experiments in yeast suggest that the RH
proteins are involved in ammonium transport; however,
the Rh antigen system is clinically important because anti-
bodies to Rh antigens are involved in hemolytic transfu-
sion reactions, autoimmune hemolytic anemia, and
hemolytic disease of the newborn (HDN).

HDN results from the alloimmunization of a mother to
a paternally inherited fetal alloantigen after transplacental
hemorrhage, unrecognized miscarriage, or invasive proce-
dures. In subsequent pregnancies, these antibodies may
destroy the red blood cells of an antigen-positive fetus,
leading to hemolytic disease. HDN can occur when feto-
maternal incompatibilities exist within any of the different
red cell antigen systems, including the RHD, C/c, E/e, Kell,
Kidd, Duffy, and M antigen systems. RHD accounts for the

majority of HDN cases. The severity of HDN is variable;
mild cases require either no treatment or phototherapy,
while more severe cases require exchange transfusion at
birth, or possibly intrauterine transfusion, and may result
in fetal hydrops.21 Typically, women who are at risk for
alloimmunization are screened using antibody titers, but
the screen does not accurately predict the severity of
hemolytic disease. Serial amniotic fluid ∆OD 450 readings
also can be used to estimate the severity of HDN, but this
investigation brings not only the additional risks from
multiple amniocentesis procedures, but also the risk of
further sensitization to the fetus. Using molecular tech-
niques, the Rh status of the fetus can be investigated 
prenatally to determine whether the fetus is positive for 
the RHD gene and therefore is at risk for HDN. Further
invasive diagnostic procedures can be avoided in the RHD-
negative fetus of an RHD-negative mother.

The RH genes, which are more than 95% homologous at
the nucleotide sequence level, both consist of ten exons
spanning over 75 kb, and both encode peptides of 417
amino acid residues with a predicted molecular mass of 30
to 35 kilodaltons (kDa)20 (Figure 13-3). There are a number
of sequence variations that can be used to distinguish these
two highly similar genes. However, it is important to be
aware of a number of variant alleles that exist in this
genetic system as the result of gene conversion events
between the RHD and RHCE genes and from point muta-
tions. Databases of these variants are available: Blood
Group Antigen Gene Mutation Database (http://www.ncbi.
nlm.nih.gov/projects/mhc/xslcgi.fcgi?cmd-bgmut/
systems-infoxsystem-rh) and the Rhesus Site (http://www.
uni-ulm.de/~wflegel/RH/). These hybrid RHD-CE-D alleles
may result in either RHD-positive or RHD-negative haplo-
types. Most variant RHD-positive alleles encode proteins
that do not express all the RHD epitopes. Although an 
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Figure 13-3. (a) Genomic organization of the RHD and RHCE genes
on the short arm of chromosome 1. The RHD gene is flanked by two
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RHD-negative mother can be alloimmunized by a partial 
D antigen, hemolytic disease in these cases is rare. The 
frequency of these variant alleles is low in the white 
population, but in some ethnic groups these alleles can be
common.20,22 The DAR allele is found in 17% of South
African blacks, and DIIIa has been found in 18% of blacks
in New York and 28% of blacks from Brazil.

The most common RHD-negative allele results from the
total deletion of RHD; however, there are a number of
RHD-negative haplotypes that are positive for at least 
portions of the RHD gene (Figure 13-4). In the African pop-
ulation, there are two RHD-positive, antigen D-negative
alleles that are common and must be considered in any
genotyping strategy. RHDΨ is present in 66% of RHD-
negative Africans and contains a 37 bp insertion at the
junction of intron 3 and exon 4 that disrupts the reading
frame and leads to a stop codon in exon 6.23 The Cdes

allele, found in 15% of RHD-negative Africans, is an RHD-
CE-D hybrid containing exons 1 and 2, part of exon 3,
and exons 9 through 10. In addition, a significant percent-
age of RHD-negative Asians (27%) are positive for the RHD
gene.

The Rh C/c and E/e antigens also can cause HDN;
however, severe cases are usually observed due to anti-c.
The Ser103Pro encoded by a 307T→C substitution in exon
2 is responsible for the C/c polymorphism. Typing for the
RHC allele is straightforward, but the identification of the
RHC allele is complicated by the fact that exon 2 of the RHC
allele is identical to exon 2 of RHD. A 109 bp insert found
in intron 2 of the RHC allele can be used for genotyping;22

however, the Cdes allele will give a false-negative result with
this assay since the intron 2 is of RHD origin in the allele
found in African Americans. The nt48 cytosine polymor-
phism in exon 1 (nt 48) is also linked to the RHC allele. This
polymorphism has a 5% false-positive rate in whites, but
in African Americans the false-positive rate is greater than
50%, making this unsuitable for genotyping. The RhE and
Rhe antigens are the result of the Pro226Ala polymorphism
encoded by the 676C→G substitution in exon 5 of the
RHCE gene. Rare allelic variants involving exon 5 have
been described that would lead to erroneous typing of the
E/e polymorphism.

Clinical Utility of Testing
Prenatal blood group determination is routine in pregnan-
cies where the woman has a potentially clinically significant
alloantibody and the father is phenotypically heterozygous
for the gene encoding the corresponding antigen. Ideally,
determining the zygosity of the father allows prediction of
the risk for the fetus to inherit the alloallele.A fetus of a het-
erozygous father has a 50% chance of inheriting the pater-
nal alloallele to which the mother may be immunologically
sensitized, while the risk is 100% from a homozygous father.
Determining zygosity is straightforward by serological or
molecular methods in most antigen systems except for RhD.
The molecular basis of the RHD deletion has been
described for the most common RHD-negative haplotype,
making it possible to detect the RHD deletion.24 However,
in addition to nonpaternity, determination of the zygosity
with 100% certainty is difficult due to the allelic hetero-
geneity of the RHD-negative haplotype, so testing of the
fetus directly for RHD status is important. A fetus that is
positive for the gene encoding the alloallele is then
identified as a fetus at risk for HDN and can be monitored
appropriately. A fetus without the gene is not at risk for
HDN within the limits of the assay’s sensitivity, and so inva-
sive procedures such as serial amniocentesis, that risk
further sensitization, can be avoided.

Genotyping assays for RH also can be used to help
resolve discrepancies or unusual phenotypic results. Many
of the variant alleles display altered phenotypic character-
istics that are identified in the immunohematology labora-
tory or blood bank. Discrepancies in RhD status can occur
due to a variety of serological reagents and techniques.
Presence of the RHD gene can be used to confirm the RhD-
positive status of a patient. An RhD-positive individual
may develop anti-D after transfusion. Molecular assays can
sometimes be used to confirm a partial D phenotype. There
are a number of examples in the literature describing the
loss or weakening of RhD expression, particularly in cancer
patients.20 In some instances this has been caused by dele-
tion of the RHD gene or loss or abnormalities involving
chromosome 1. Molecular assays can confirm the loss of
genetic material encoding the RHD gene.

Controls

-C D- D+ F-1 M-1 M-2 P-2P-1 F-2D+ψ+

Samples

Intron 4 (RhCE)

Intron 4 (D)

Exon 10 (D)

Intron 4 (ψ)

Figure 13-4. RHD multiplex genotyping assay. Each sample is tested
with two reactions. The first reaction detects exon 10 and intron 4.
The second reaction detects the RHD gene and the 37bp insertion
present in exon 4 of RHDY. Each reaction contains a control PCR
product generated from exon 7 (lowest band in each lane (not
marked). The controls are: negative control (-C), RHD-negative (D-),
RHD-positive (D+) and RHD-positive/ RHDY-positive samples. The
samples are sets of fetal (F), maternal (M) and paternal (P) samples.
In each example, the fetus is RHD-positive, the maternal sample is
RHD-negative and the paternal sample is RHD-positive. Note that in
M-2, the RHDY is present. If RHDY was not specifically detected, the
maternal sample would appear to be RHD-positive and the genotype
of the fetus would not be conclusive.
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Available Assays

PCR-based test methods are the most commonly used,
since the testing is used for prenatal diagnosis. The assay
formats are predominantly AS-PCR, which are well suited
for detecting single base pair polymorphisms. Testing for
two or more regions of the RHD gene is required for
identification of allelic variants. Assays must distinguish
the RHD gene from RHCE. A number of assays have been
described using the various sequence differences between
the genes in exons 3 to 7 and 9, introns 4 and 7, and the 3′
UTR of exon 10.22,25 Most of the published assays use a com-
bination of amplification of intron 4, exon 7, and exon 10.
The use of exon 10 alone is not considered safe because of
possible false positives and false negatives; however, this
polymorphism is useful in recognizing the Cdes haplotype.
Detection of the 37 bp insertion found in exon 4 of RHDY
also should be included in all genotyping assays.23 The
precise site of the RHD deletion has been defined, making
detection of the deletion possible with a PCR-based assay.24

Although this is the most common RHD-negative allele in
whites and African Americans, this assay will not correctly
determine zygosity in the presence of Cdes or RHDY. Real-
time PCR assays potentially can be used for determining
zygosity, as long as more than one region of the RHD gene
is detected and the assay design takes into account possi-
ble genetic variants.

Molecular assays for RHE/e take advantage of polymor-
phisms within exon 5 that are specific to the RHCE gene.22

RHc is detected directly using the C307 polymorphism,
while the 109 bp intron 2 insertion is used to detect the RhC
allele. Multiplex genotyping assays for RHD and RHCc also
have been described.23 Recently, a genotyping method for
RHC was developed that improves the detection of RHC in
individuals with the Cdes haplotype.22

These methods are suitable for testing fetal DNA as well
as genomic DNA from blood. Fetal DNA sources are typi-
cally amniotic fluid or chorionic villi, using either direct or
cultured samples. Since fetal DNA preparations can be
potentially contaminated with maternal DNA, laboratories
must understand how maternal contamination will affect
the assay results and have methods to determine the extent
of contamination. Testing of variable number of tandem
repeats (VNTR) or microsatellite loci in fetal and maternal
DNA samples can be used to determine whether maternal
cells contaminate the fetal sample.

Another potential source of fetal DNA is maternal
plasma. Fetal DNA accounts for approximately 3% of the
total cell-free DNA in maternal plasma during the second
trimester and increases throughout pregnancy. Since this
method avoids invasive techniques that cause risk to the
fetus, and prevents further sensitization of the mother, the
method is of significant interest. Quantitative real-time
PCR methods facilitate molecular testing using fetal DNA
from maternal serum. Several studies have demonstrated
that fetal DNA in maternal plasma can be used to deter-
mine a fetal genotype.26 However, caution is recommended

in using this potentially exciting technology for prenatal
testing.27 The fetal DNA represents a minority of the 
total DNA, so use of an internal control is important 
to demonstrate that fetal DNA is present and detectable.
Y-chromosome-specific sequences can be used with a 
male fetus, but other paternal-specific polymorphisms 
may be required to provide the necessary internal 
control.

Interpretation of Test Results

By using a multiplex strategy, the sensitivity of testing will
be close to 100%, the false-positive rate will be quite low
and the positive predictive value close to 1, but these per-
formance characteristics may vary with different testing
strategies in different ethnic groups. There is one rare 
RHD allele that would elude most genotyping assays;
DHar contains only exon 5 of the RHD gene (RHCE-
D5RHCE). This allele may also cause a false negative for the
Rhe antigen. The rate of false-positive results and positive
predictive values for different PCR strategies in the 
European population has been described.25 However, the
diversity of RHD alleles is much greater in other ethnic
groups, especially Africans. Currently, the majority of
variant alleles are accounted for by Cdes and RHDY. In
Asian populations, where the RHD-negative haplotype is
uncommon, the RHD gene has been detected at a frequency
of 27.7% among RhD-negative Japanese donors. The 
major allele appears to be associated with a missense 
mutation.

These assays should be interpreted in the context of all
available information.When conducting prenatal RH geno-
typing, the laboratory must identify discrepancies between
parental serotypes and genotypes caused by variant alleles
to reduce the risk of false-negative and false-positive
results. Variants easily will be identified in RhD-negative
mothers that test positive for the RHD gene. If the mother
is positive for only some parts of the RHD gene, it still may
be possible to tell if her fetus inherited a paternal RHD
gene. Allelic variants can be masked in paternal samples by
a “normal” RHD allele. A masked variant allele could be
passed on to the fetus, where it may be undetected without
a thorough analysis of the fetal RHD gene. If the masked
allele is detected, the genotype may not allow certain pre-
diction whether the fetus will have an RhD-positive phe-
notype. As discussed earlier, allelic variants of the RHC are
common in individuals of African ancestry. In African
Americans, the Cdes allele will result in a 15% to 20% false-
negative result since intron 2 is of RHD origin. Clearly, in
this ethnic group, testing to detect the presence of the
paternal RHC allele is important, especially in a C-negative
fetus. Other rare alleles in the RH system may be
misidentified in DNA typing assays. When maternal and
paternal samples are not available, interpretation should
include the possibility of a false-positive or false-negative
result.
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Laboratory Issues

Rh incompatibility testing requires both phenotypic and
genotypic testing of parental samples. Laboratories need to
work in conjunction with an immunohematology labora-
tory, which is able to provide phenotypic data, assist in the
analysis of variant alleles, and provide assay controls. RHD
controls also are available from Coriell Cell Repositories
(http://ccr.coriell.org/). The reagents for these tests as well
as the tests are typically laboratory developed and vali-
dated. Proficiency testing for RHD is available in the CAP
MGL survey; otherwise, proficiency testing can be accom-
plished through a sample exchange with another labora-
tory that performs the testing. In addition, the phenotypic
data on each blood sample help identify any proficiency
problems in the genotyping assays.
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Chapter 14
Cardiovascular Disease
Anant Khositseth and Michael J. Ackerman

CORONARY ARTERY DISEASE

Atherosclerosis, or coronary artery disease, is a complex
process involving the interaction of many different key
factors, including lipoprotein metabolism, coagulation, and
inflammation. Gene mutations underlying these key deter-
minants may lead to over- or underproduction of essential
proteins. Other factors, including hypertension, diabetes,
smoking, sleep apnea, and obesity, interact to increase risk.
Any single gene mutation will provide only a small or
modest contribution to overall risk. Because of the effect of
gene-environment interaction, a gene mutation may have
little effect on CAD in individuals who have low environ-
mental risk but may exert a major effect in the setting of
concomitant high environmental risk.

HYPERLIPIDEMIAS (LIPOPROTEIN
METABOLISM)

Molecular Basis of Disease

Goldstein and Brown first reported one of the most impor-
tant molecular mechanisms leading to atherosclerosis:
defects of the low-density lipoprotein (LDL) receptor.1,2

Autosomal dominant hypercholesterolemia (ADH) is one
of the most frequent hereditary disorders of lipid metabo-
lism. It is characterized by an isolated elevation of LDL par-
ticles leading to premature death from atherosclerosis.
ADH is caused mainly by defects in the genes encoding 
the LDL receptor (LDLR, chromosome 19p13.1–13.3),3,4

apolipoprotein B (APOB, chromosome 2p23–p24),5,6 and
other unidentified gene(s) on chromosome 1p34.1-p32.7

More than 600 different LDLR mutations have been
identified throughout the 45 kilobase (kb) gene.8,9 The
APOB gene spans 43 kb and is divided into 29 exons, and a
few mutations in the APOB gene have been identified.10–13

Autosomal recessive hypercholesterolemia (ARH) is 
a very rare recessive disorder caused by mutations in a
putative adaptor protein called ARH, which is character-
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Introduction
During the last decade, techniques and advances in molec-
ular genetics and genomics have yielded profound new
insights into the fundamental mechanisms and genetic
underpinnings for many heritable cardiovascular diseases.
The resulting genotype-phenotype correlations facilitate:
(1) molecular testing for the preclinical/presymptomatic
identification of genetically susceptible individuals, (2) the
possibility of gene-based prognosis, and (3) new opportu-
nities for gene-specific or gene-targeted therapy including
primary prevention in genotype-positive–phenotype-
negative individuals. Cardiology has embraced new genetic
discoveries, since sudden cardiac death (SCD) consumes
more lives than any other medical condition in developed
countries, with 1,000 SCDs occurring each day in the
United States. Coronary artery disease (CAD) is the major
cause of SCD, while other heritable processes including
cardiomyopathies and the channelopathies may also pre-
dispose to fatal ventricular arrhythmias.

In this chapter, we review the current understanding
with respect to the molecular pathogenic mechanisms and
status of molecular testing for these three principle cate-
gories: CAD, cardiomyopathies, and channelopathies that
render an individual susceptible to SCD. CAD has many
risk factors, some of which have a genetic susceptibility,
including lipidemias, factor V Leiden mutation, and homo-
cystinuria. Many cardiomyopathies are heritable diseases,
and many chromosomal loci of and specific causal genes
have been identified and extensively reported, including
hypertrophic cardiomyopathy (HCM), dilated cardiomy-
opathy (DCM), arrhythmogenic right ventricular car-
diomyopathy/dysplasia (ARVC/ARVD), and restrictive
cardiomyopathy. Finally, cardiac channelopathies may be
responsible for a significant proportion of sudden, unex-
pected death associated with a structurally normal (nega-
tive autopsy) heart and include congenital long QT
syndrome (LQTS), Brugada syndrome, idiopathic ventric-
ular fibrillation (IVF), catecholaminergic polymorphic
ventricular tachycardia (CPVT), and Andersen syndrome.
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ized by severe hypercholesterolemia (elevation of LDL
level), xanthomatosis, and premature CAD.14 Three muta-
tions in the ARH gene on chromosome 1 were identified
exclusively from patients in Sardinia, Italy.15

Apolipoprotein E is a constituent of several plasma
lipoproteins including chylomicrons (VLDL, IDL, and HDL-
E), and may be a risk-stratifying biomarker for CAD. The
APOE alleles (ε2, ε3, and ε4) have a strong and consistent
influence on plasma lipids and coronary artery disease, and
the ε4 allele may portend the greatest risk for CAD.16

Interleukin-6 (IL6) is an inflammatory cytokine associ-
ated with the development and severity of CAD.17 The 174C
allele of the IL6 gene is associated with risk of CAD and
high systolic blood pressure in men.18

Endothelial nitric oxide synthase (eNOS) is an enzyme
catalyzing the synthesis of NO in vascular endothelium and
effects vascular relaxation. Alterations in the NOS pathway
leading to decreased generation or action of NO are 
potential mechanisms in the development of premature
atherosclerosis.19 The gene encoding eNOS is located on
chromosome 7.

Clinical Utility of Testing

To date, molecular testing of patients with hypercholes-
terolemia is not widely used clinically, and continues to be
used predominantly for research purposes to identify new
genes. A recurring theme throughout this chapter is that
ADH, like virtually every heritable cardiovascular disease,
is genetically heterogeneous. The identification of new
genes and variations related to cardiac disease risk may
direct the development of new intervention strategies to
limit elevation of LDL particles and prevent morbidity and
mortality from premature atherosclerosis.

Available Assays

There are no currently available commercial kits. Poly-
merase chain reaction–single-strand conformation poly-
morphism (PCR-SSCP) assays on extracted DNA are
performed in research laboratories.20

Interpretation of Test Results

Test sensitivity and specificity are not known, and the
results are simply reported as the presence or absence of
specific genetic variants.

HYPERCOAGULABLE STATE (COAGULATION) 

Molecular Basis of Disease

The coagulation system is an essential hemostatic mecha-
nism. Imbalances in this system can lead to arterial throm-
bosis manifested with thrombotic events and development

of myocardial infarction. Factor V (F5), a cofactor of factor
Xa, plays an important regulatory role in coagulation. A
point mutation in the F5 gene (designated factor V Leiden
or F5 R506Q), accounts for 21% to 64% of cases of heredi-
tary hypercoagulable state21 and represents one of the most
important risk factors for inherited thrombophilia, venous
thrombosis, and pulmonary embolus.

The R506Q missense mutation in F5 (named factor V
Leiden because of identification in Leiden, Netherlands)
was discovered in 1994 as the cause for activated protein C
(APC) resistance. It is believed to have arisen de novo in
northern Europe, and all individuals with factor V Leiden
share this common ancestor. This mutation is present in
5% of white Americans, in 20% of cases of idiopathic sen-
tinel deep vein thrombosis (DVT), and in 60% of venous
thrombosis cases in pregnant women. Individuals het-
erozygous (5% in whites) for factor V Leiden have a 7-fold
increase in relative risk of venous thrombosis, whereas the
risk is approximately 80-fold for the 1 in 400 whites
homozygous for factor V Leiden.22,23

Besides its strong association with risk of venous throm-
bosis, the presence of factor V Leiden may render
significant genetic susceptibility for the development of
arterial thrombosis, atherosclerosis, and myocardial infarc-
tion.24–28 However, several studies have failed to demon-
strate these associations.29–31

Clinical Utility of Testing

Regarding the clinical utility of factor V Leiden testing for
CAD, Dunn and colleagues32 reported that heterozygosity
for factor V Leiden is not independently associated with
CAD or myocardial infarction. Recently, 2 large meta-
analyses33,34 reported the role of factor V Leiden in myocar-
dial infarction and found that individuals heterozygous for
factor V Leiden have an odds ratio of approximately 1.3 for
the development of myocardial infarction, but only one of
the reports showed that the association was statistically
significant. Another meta-analysis in unselected patients
with CAD demonstrated no association with factor V
Leiden.35 However, anecdotal reports have shown that
homozygosity for factor V Leiden might have a role in
development of atherosclerosis and CAD.25,36 Presently,
screening for factor V Leiden in unselected patients at 
risk for myocardial infarction does not appear to be 
indicated. However, three independent studies and several
case reports revealed a high prevalence of the factor V
Leiden allele in patients with myocardial infarction
without signs of coronary atherosclerosis.37 In this 
selected group (3% to 10% of all myocardial infarction
patients), the analysis of factor V Leiden genotype might
help with risk assessment. However, there is a growing con-
sensus that factor V Leiden (R506Q) mutational testing
represents the standard of care in the evaluation of any
venous thrombosis in many settings (see chapter 12 for
details).22
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Available Assays

There are a variety of PCR-based assays including 
restriction fragment length polymorphism (PCR-RFLP),
temperature-modulated heteroduplex analysis by denatur-
ing high-performance liquid chromatography (TMHA-
DHPLC), and direct DNA sequencing (see chapter 12).

Interpretation of Test Results

Mutational analysis is sensitive and specific for the pres-
ence of factor V Leiden (see chapter 12).

Laboratory Issues

Factor V Leiden (R506Q) mutation testing represents one
of the best examples of a functional polymorphism that
influences or “modifies” a cardiovascular disease process
and is presently a standard and routine molecular test for
clinical practice.22

HOMOCYSTEINE

Molecular Basis of Disease

Homocysteine is an intermediate formed during the
metabolism of methionine, and this metabolite may play a
key role in atherosclerosis. Homocystinuria is a rare auto-
somal recessive disorder characterized by markedly ele-
vated homocysteine levels and excretion of homocysteine
in the urine. Patients with homocystinuria can have mental
retardation, skeletal abnormalities, and lens dislocations,
as well as predisposition to both arterial and venous
thromboembolic episodes.38 In contrast to that in patients
with this rare disorder of homocystinuria, the relationship
of homocysteine levels in unaffected individuals with pre-
mature development of CAD remains unclear. Cleophas
and colleagues39 performed a meta-analysis on the role of
homocysteine in CAD and concluded that homocysteine
was not an independent risk factor for CAD.

Homocysteine levels are influenced by several factors
including folate, vitamin B6, and vitamin B12 intake, as well
as genetic factors. Methylenetetrahyodrofolate reductase
(MTHFR) is one of the main regulatory enzymes of homo-
cysteine metabolism. The C677T and A1298C mutations in
the MTHFR gene result in decreased enzymatic activity
and contribute to increased homocysteine levels (see
chapter 12).40–42

Clinical Utility of Testing

Andreassi and colleagues43 studied the influence of the
C677T mutation in the MTHFR gene on plasma levels of
homocysteine, vitamin B12, and folate in patients with CAD

and found an association between the MTHFR C677T 
polymorphism and hyperhomocysteinemia, nutritional
deficiencies, and oxidative stress. These findings suggest a
plausible molecular mechanism of genetic instability in
atherosclerotic lesions.

Available Assays

Genotyping for the MTHFR polymorphism, C677T, is per-
formed by PCR amplification and electrophoresis through
6% polyacrylamide gel (see chapter 12).41

Interpretation of Test Results

Test sensitivity and specificity are not known.

Laboratory Issues

Both homocysteine levels and molecular testing for the
C677T mutation in the MTHFR gene are available from
clinical laboratories (see chapter 12).

CARDIOMYOPATHIES

HYPERTROPHIC CARDIOMYOPATHY

Hypertrophic cardiomyopathy is a complex cardiovascular
disease with a great diversity of morphologic, functional,
and clinical features, and affects approximately 1 in 500
individuals.44 Clinical manifestations are variable, ranging
from an asymptomatic or mildly symptomatic course to
severe heart failure and SCD.45 HCM commonly manifests
between the second and fourth decades of life but can man-
ifest at the extremes of age as well.46,47 SCD can be the tragic
sentinel event for HCM in children, adolescents, and young
adults. Typically, the left ventricle is hypertrophied in the
absence of an increased external load (i.e., unexplained
hypertrophy) and myocyte hypertrophy, disarray, and
interstitial fibrosis are the hallmark histological features of
the disease.48,49

Molecular Basis of Disease

Hypertrophic cardiomyopathy is a genetic disease, usually
with an autosomal dominant mode of inheritance,
although autosomal recessive forms and spontaneous
germline mutations have been identified (Table 14-1). A
familial history of HCM is present in approximately two
thirds of all index cases. The first gene for familial HCM
was mapped to chromosome 14q11.2–q12 using
genomewide linkage analysis in a large Canadian family.50

Thierfelder and colleagues51 mapped the second locus to
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chromosome 15q2, and Watkins and colleagues52 mapped
the third locus to chromosome 1q3. Six other loci were sub-
sequently reported, located on chromosomes 11p11.2,53

7q3,54 3p21.2–3p21.3,55 12q23–q24.3,56 15q14,57 and 2q31.58

HCM is a disease of contractile sarcomeric proteins. The
R403Q missense mutation in the β-myosin heavy-chain
gene (MYH7) was the first pathogenic mutation identified
for HCM.59 Subsequently, HCM-related mutations were dis-
covered in genes encoding proteins responsible for the
thick and thin filaments of the cardiac sarcomere.55–58,60–63

Mutations causing familial HCM are primarily missense or
frameshift mutations. To date, hundreds of different muta-
tions have been identified in HCM patients in ten genes
encoding contractile sarcomeric proteins: β-myosin heavy
chain (MYH7),59 myosin-binding protein-C (MYBPC3),61

cardiac troponin T (TNNT2),62 α-tropomyosin (TPM1),62

cardiac troponin I (TNNI3),56 essential myosin light chain
(MYL3),55 regulatory myosin light chain (MYL2),55 cardiac
α-actin (ACTC),57,60 titin (TTN),58 and α-myosin heavy
chain (MYH6).63–65 MYH7, MYBPC3, and TNNT2 are cited
as the three most common genes, accounting for 35% to
50%, 20% to 25%, and 20% of all HCM cases, respectively.66

Recently, HCM has been associated with mutations in
genes encoding two nonsarcomeric proteins: PRKAG2 and
CRP3.67–69 PRKAG2 (chromosome 7q35–q36) encodes the
γ2-subunit of the AMP-activated protein kinase and has
been implicated in the variant of HCM associated with
Wolff-Parkinson-White syndrome (WPW).67,68 HCM asso-
ciated with mutations in PRKAG2 appears to represent a
glycogen storage disease.70

Geier and colleagues reported three different missense
mutations in the human cysteine-rich protein (CRP3) gene
encoding muscle LIM protein (MLP) in three unrelated
patients with familial HCM.69 In addition, mutations in
mitochondrial DNA often cause a complex phenotype that
involves multiple organs, including cardiac muscle, with a
disease phenotype of HCM.71

Clinical Utility of Testing
The specific type of mutation in the causal genes,
specifically MYH7, TNNT2, and MYBPC3, may affect the
phenotypic expression of HCM, particularly the magni-
tude of cardiac hypertrophy and the risk of SCD. In the
MYH7 gene, several mutations have been associated with a
high risk of SCD (R403Q, R453C, R719W), whereas other
mutations have been assigned a “benign” phenotype
(G256E, V606M, L908V).72–74 However, in a cohort of nearly
300 unrelated patients seen in a tertiary referral center for
HCM, these particular mutations were present in less than
3% of the cases and did not necessarily adhere to the pre-
viously assigned genotype-phenotype classification as
“malignant” or “benign” mutations.75,76 Thus, great caution
must be exercised with respect to mutation-specific prog-
nosis and clinical decision making regarding SCD 
prevention.

HCM caused by mutations in TNNT2 has been associ-
ated with a wide variety of clinical presentations and is
usually associated with a low disease penetrance (80%), a
mild degree of hypertrophy, but a high incidence of SCD
and more extensive myocyte disarray, although some
mutations are associated with hypertrophy without risk of
arrhythmias.77–79 HCM caused by mutations in MYBPC3
has been associated with a low penetrance (60%), relatively
mild hypertrophy, a low incidence of SCD, late onset of clin-
ical manifestations, and good prognosis before the age of
40.80,81

Genetic studies have revealed that approximately 25% of
tested patients have a mutant allele but do not manifest a
HCM phenotype (genotype positive–phenotype negative
HCM).82 The variability in phenotypic expression of the
mutations could be due to environment or acquired traits
(differences in lifestyle, risk factors, and exercise). The exis-
tence of modifier genes, which are genes other than the
pathogenic genes that affect the phenotypic expression of

Table 14-1. Summary of Molecular Basis of Hypertrophic Cardiomyopathies

Gene Locus Proteins Mutations Frequency (%)

HCM: Genes Coding for Sarcomeric Proteins

MYH7 14q11.2–q12 β-myosin heavy chain >70, predominantly missense 35–50
MYBPC3 11p11.2 Cardiac myosin-binding Protein C >40, predominantly splice junction/deletion 15–20
TNNT2 1q32 Cardiac troponin T >15, mostly missense 15–20
TPM1 15q22.1 α-tropomyosin >5 missense <5
TNNI3 19p13.4 Cardiac troponin I 3 missense, 1 deletion <1
MYL3 3p21.2–p21.3 Ventricular essential myosin light chain 2 missense <1
MYL2 12q23–q24.3 Ventricular regulatory myosin light chain 7 missense, 1 truncation <1
ACTC 15q14 α-cardiac actin 5 missense <1
TTN 2q24.3 Titin 1 missense <1
MYH6 14q11.2–q12 α-myosin heavy chain 1 missense, 1 rearrangement Rare

HCM: Genes Coding for Nonsarcomeric Proteins

PRKAG2 7q35–q3636 AMP-activated protein kinase 3 point, 1 insertion <1
MTTI Mitochondrial Mitochrondrial DNA tRNA isoleucin, tRNA glycine Rare
FRDA 9q13 Frataxin >200GAA in intron 1 Unknown
DMPK 19q13 Myotonin protein kinase >50CTG in 3′UTR Rare
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genetic disease, could affect the phenotypic expression in
HCM.

For example, polymorphisms involving the angiotensin-
1 converting enzyme-1 (ACE1) gene may be associated
with an increased risk of SCD83 and the severity of left 
ventricular hypertrophy in HCM.84 The deletion allele of
ACE1 (DD) is more common in patients with HCM 
and in patients with a high incidence of SCD compared to
a control population.83,85 Therapeutic intervention using
angiotensin II blockade aimed at targeting this potential
modifier gene demonstrated that the interstitial fibrosis in
a transgenic mouse model of HCM could be reversed.86

This finding raises the possibility of targeting the
angiotensin II receptor to improve diastolic function and
perhaps decrease the risk of SCD.

Available Assays

On a research basis, several centers of excellence perform
mutational analysis of the HCM-related genes using a
variety of methods, usually with initial PCR amplification
followed by analysis of the PCR products by DNA sequenc-
ing, SSCP, or TMHA-DHPLC. Generally, these laboratories
restrict the analysis to the protein-encoding exons and the
intron-exon boundaries for the genes implicated in HCM.

Interpretation of Test Results

When and if mutational analysis becomes available from
clinical laboratories, prognosis based on the genetic varia-
tion must be rendered cautiously. A decision to intervene
with an internal cardioverter-defibrillator (ICD) should
not be predicated based on the patient’s HCM-causing
mutation. The greatest impact of genetic testing will likely
be realized in the identification of HCM patients with pre-
clinical disease, permitting initiation of proper surveil-
lance and perhaps preventive interventions directed at
altering the patient’s natural history.87 However, the pro-
found genetic heterogeneity and current technological lim-
itations challenge the feasibility of a comprehensive HCM
gene screen.

Laboratory Issues

Currently, commercial test kits are not available for HCM
genetic testing.

DILATED CARDIOMYOPATHY

Molecular Basis of Disease

Dilated cardiomyopathy (DCM) is a heterogeneous heart
muscle disease characterized by maladaptive ventricular
dilation and impaired systolic function affecting approxi-

mately 1 in 2,500 individuals.88 However, the incidence of
DCM may be higher secondary to incomplete or partial
penetrance (unidentified asymptomatic patients). A
molecular basis for idiopathic DCM was speculated after
clinical studies demonstrated that DCM may be inherited
in up to 20% to 35% of cases when first-degree relatives are
screened carefully.89–91 Therefore, DCM represents a genet-
ically heterogeneous disease (Table 14-2). Four different
modes of inheritance are known: autosomal dominant
with only DCM, autosomal dominant with other manifes-
tations (conduction defect, sinus node dysfunction), auto-
somal recessive, and X-linked. Nearly two thirds of familial
DCM has an autosomal dominant inheritance pattern with
an isolated cardiac phenotype.92

Autosomal dominant familial DCM frequently presents
as a mild form of DCM. The phenotype often is character-
ized by low penetrance. The onset of clinical manifestations
is age related, with only 20% of gene mutation carriers
under the age of 20 years of age manifesting the disease
phenotype. Molecular genetic studies using linkage 
analysis have identified eight loci for autosomal dominant
DCM: 1q32, 2q24.3–31, 2q35, 5q33, 6q12–q16, 9q12–q13,
14q11.2, and 15q11-qter.93 To date, six genes have been
associated with this phenotype: ACTC (chromosome
15q11-qter, encoding cardiac actin),94,95 DES (chromosome
2q35, encoding desmin),96 TTN (chromosome 2q24.3–q31,
encoding titin),97 SGCD (chromosome 5q33, encoding δ-
sarcoglycan),98 MYH7 (chromosome 14q11.2, encoding β-
myosin heavy chain),99 and TNNT2 (chromosome 1q32,
encoding cardiac troponin T).100

Six loci for autosomal dominant DCM associated with
other cardiac or muscle pathologies, or both (conduction
defects, sinus node dysfunction, mitral valve prolapse, limb
girdle muscular dystrophy, muscular dystrophy, and
Emery-Dreifuss muscular dystrophy) or hearing loss have
been identified: 1q21, 2q14–q22, 3p22–p25, 10q21–q23,
6q23–q24, and 6q22–q23.101 So far, only two genes have
been identified: LMNA (chromosome 1q21, encoding lamin
A/C)102 and EYA4 (chromosome 6q23–q24, encoding eyes
absent 4).101,103 Missense mutations in the LMNA gene are
responsible for inherited DCM with conduction system
disease.A single nucleotide deletion in LMNA causes DCM,
frequently associated with conduction system defects and
variable skeletal muscle involvement.102,104

Autosomal recessive DCM is less frequent and is char-
acterized by a significantly younger age of onset and a
worse prognosis compared to the dominant form. This
form is typically associated with limb girdle muscular 
dystrophy and caused by mutations in the genes coding 
for sarcoglycans. Mutations in three genes have been
identified: SGCA (chromosome 17q21, encoding α-
sarcoglycan), SGCB (chromosome 4q12, encoding. β-
sarcoglycan), and SGCD (chromosome 5q33, encoding 
δ-sarcoglycan).105,106

X-linked familial DCM is a disease of the cytoskeleton
caused by mutations in the dystrophin (DYS) gene on chro-
mosome Xp21.3.107,108 Dystrophin is a large cytoskeletal
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protein that plays a critical role in membrane organization
and stability and in force transduction in skeletal and
cardiac myocytes.107 Mutations in DYS are found in patients
with Duchenne (severe form and early age of onset) 
and Becker (mild form and older age of onset) muscular
dystrophies.109

The G4.5 gene (chromosome Xq28, encoding tafazzins)
is associated with DCM lethal in infancy and DCM with
myopathy (Barth syndrome).110–113 EMD mutations (chro-
mosome Xq28, encoding the nuclear membrane protein
emerin) are associated with X-linked Emery-Dreifuss mus-
cular dystrophy (DCM, conduction defect, and muscular
dystrophy).114

Recently, Schmitt and colleagues115 reported DCM with
refractory heart failure caused by a missense mutation in
the phospholamban (PLN) gene located on chromosome
6q22.1.116 PLN is an abundant 52-amino-acid transmem-
brane sarcoplasmic reticulum (SR) phospholipid117 that
regulates the cardiac Ca2+ sarcoplasmic reticular Ca2+-
adenosine triphosphate (SERCA2a) pump.118 Haghighi and
colleagues119 also reported a missense mutation in the PLN
gene, T116G, that results in markedly diminished expres-
sion of PLN protein in individuals from two families with
inherited DCM. These results indicate that intracellular

calcium dysregulation in cardiac myocytes can initiate
DCM, as well as perturbations in the cytoskeleton and 
sarcomere.120,121

Clinical Utility of Testing

At the present time, the profound genetic heterogeneity
and the lack of any relative hotspots or even “hot genes”
precludes a prominent role for molecular testing in DCM.

Available Assays 

Mutational analyses are performed in research laborato-
ries. No clinical tests are currently available.

Interpretation of Test Results

The frequency of familial DCM indicates the need for
meticulous family screening with at least echocardio-
graphic surveillance of all first-degree relatives. The com-
plexity of the phenotype requires accurate skeletal muscle

Table 14-2. Summary of Molecular Basis of Dilated Cardiomyopathies

Gene Locus Proteins Phenotype

DCM: Autosomal Dominant

MYH7 14q11.2 β-myosin heavy chain pure DCM, early onset
TNNT2 1q32 Cardiac troponin T pure DCM, early onset
ACTC 15q11–qter Actin pure DCM
SGCD 5q33 δ-sarcoglycan pure DCM
DES 2q35 Desmin pure DCM
TTN 2q24.3–q31 Titin pure DCM
Unknown 6q12–q16 pure DCM
Unknown 1q32 pure DCM
Unknown 9q12–q13 pure DCM
LMNA 1q21 Lamin A/C DCM + CD
EYA4 6q23–q24 Eye absent 4 DCM + hearing loss
LMNA 1q21 Lamin A/C DCM + CD + MD (AD-EDMD)
LMNA 1q21 Lamin A/C DCM + CD + LGMD (LGMD1B)
Unknown 2q14–q22 DCM + CD
Unknown 3p22–p25 DCM + CD + SND
Unknown 10q21–q23 DCM + MVP
Unknown 6q22–q23 DCM + CD + LGMD

DCM: Autosomal Recessive

SGCA 17q11 α-sarcoglycan LGMD ± cardiomyopathy
SGCB 4q12 β-sarcoglycan LGMD + severe cardiomyopathy
SGCD 5q33 δ-sarcoglycan LGMD + cardiomyopathy

DCM: X-linked

DYS Xp21.3 Dystrophin Pure DCM
TAZ Xq28 Tafazzin (G4.5) DCM lethal in infancy
TAZ Xq28 Tafazzin (G4.5) DCM + myopathy (Barth syndrome)
EMD Xq28 Emerin DCM + CD + MD (XL-EDMD)

CD, conduction defect; SND, sinus node dysfunction; MVP, mitral valve prolapse; LGMD, limb girdle muscular dystrophy; MD, muscular dys-
trophy; EDMD, Emery-Dreifuss muscular dystrophy.



14. Cardiovascular Disease 167

investigation that directs the diagnosis of a specific form
of familial DCM. The disease can be asymptomatic due to
the reduced and age-related penetrance. The profound
genetic heterogeneity underlying DCM will challenge
greatly the prospects of a molecular test in the next 10
years.

Laboratory Issues

Currently, commercial test kits are not available for DCM
genetic testing.

ARRHYTHMOGENIC RIGHT VENTRICULAR
CARDIOMYOPATHY/DYSPLASIA

Arrhythmogenic right ventricular cardiomyopathy/dyspla-
sia is a primary cardiomyopathy characterized by progres-
sive degeneration and fibrous-fatty replacement of right
ventricular myocardium, arrhythmias with a left bundle
branch block profile, and increased risk of SCD in 
juveniles.122–124

Molecular Basis of Disease

Two modes of inheritance, autosomal dominant and auto-
somal recessive, are observed with ARVD (Table 14-3). To
date, eight forms of autosomal dominant ARVD have been
genetically mapped: ARVD1 (14q24.3),125 ARVD2 (1q42),126

ARVD3 (14q11–q12),127 ARVD4 (2q32),128 ARVD5 (3p23),129

ARVD6 (10p12–p14),130 ARVD7 (10q22),131 and ARVD8
(6p24).132 Two autosomal recessive forms of ARVD have
been genetically mapped: Naxos (17q21)133 and ARVC/APC
(14q24-qterminal).134 Autosomal dominant ARVD has an
incomplete penetrance and variable phenotypic expres-
sion.135 In contrast, Naxos disease is essentially 100% pen-
etrant with relatively early age of onset and homogeneous
presentation (i.e., specific hair and skin abnormalities in

early infancy and complete penetrance of the cardiac dis-
order by adolescence).136

Clinical Utility of Testing

The variability of phenotype, disease progression, and
genetic heterogeneity contribute to the difficulties of diag-
nosis and risk stratification in ARVD. Although eight chro-
mosomal loci for the autosomal dominant form of ARVD
and two loci for the autosomal recessive form have been
identified, a specific genetic basis has been identified in
only three of the genes: RYR2 encoding the cardiac ryan-
odine receptor for ARVD2,137 DSP encoding desmoplakin
for ARVD8,132 and PG encoding plakoglobin for Naxos
disease.136

Tiso and colleagues137 reported RYR2 mutations in four
ARVD2 families. Two families carried an N2386I mutation,
and one family had two different mutations (R176Q and
T2504M) on the same allele, and a fourth family had an
L433P missense mutation. More recently, Rampazzo and
colleagues132 identified a putative pathogenic mutation in
DSP responsible for ARVD8 in 26 members of a family in
four generations: the missense mutation (S299R) in exon 7
on chromosome 6p24 with no linkage with any DNA
marker for ARVD loci known until then. The penetrance
was estimated to be 50%. Protonotarios and colleagues136

reported a mutation in the gene encoding plakoglobin
causing Naxos disease fully penetrant by adolescence.

Available Assays

Mutational analyses are performed in research laborato-
ries. No clinical tests currently are available.

Interpretation of Test Results

Routine genetic testing in patients or family members is
presently not available.

Laboratory Issues

Currently, commercial test kits are not available for ARVD
genetic testing.

RESTRICTIVE CARDIOMYOPATHY 

Restrictive cardiomyopathy (RCM) is a myocardial disor-
der characterized by impaired diastolic filling of the left
ventricle and reduced diastolic volume in the presence of
normal systolic function and normal myocardial thick-
ness.45 Although most frequently caused by diseases
causing infiltration or fibrosis of the myocardium, RCM

Table 14-3. Summary of Molecular Basis of Arrhythmogenic
Right Ventricular Cardiomyopathy/Dysplasia

Mode of
Type Locus Gene Inheritance Penetrance

ARVC-1 14q23–q24 Unknown AD High
ARVC-2 1q42–q43 RYR2 AD High
ARVC-3 14q12–q22 Unknown AD Unknown
ARVC-4 2q32.1–q32.3 Unknown AD Unknown
ARVC-5 3p23 Unknown AD Unknown
ARVC-6 10p12–p14 Unknown AD Unknown
ARVC-7 10q22.3 Unknown AD Unknown
ARVC-8 6p24 DSP AD Unknown
Naxos 17q21 PG AR 100%
ARVD/PC 1424-qter Unknown AR Unknown

AD, autosomal dominant; AR, autosomal recessive.
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may be found in the absence of a precipitating condition
in many patients (idiopathic RCM).138

Molecular Basis of Disease

Idiopathic RCM often occurs as a sporadic case, but famil-
ial RCM has been reported as an autosomal dominant
trait.139,140 Missense mutations in the DES (desmin) gene
have been found in several families with desmin-related
myopathy with and without RCM.141,142 Zhang and col-
leagues143 described a large family (34 family members)
with apparent autosomal dominant inheritance of desmin-
associated RCM spanning four generations. This family is
relatively unique because no symptom-based skeletal
muscle involvement was evident and the known
desminopathy and cardiomyopathy genes and loci were
ruled out. These data showed that desmin deposition may
be associated with different gene defects in RCM. Whether
a distinct genetic entity for RCM exists was uncertain until
Mogensen and colleagues144 reported a large family in
which family members were affected by either idiopathic
RCM or HCM. Using linkage analysis for selected sarcom-
eric contractile protein genes, cardiac troponin I (TNNI3)
was identified as the likely gene causing RCM. Subsequent
mutation analysis of TNNI3 by direct sequencing identified
a novel missense mutation. Furthermore, TNNI3 mutations
were identified in six of nine unrelated patients with RCM.
To date, six missense mutations of TNNI3 have been
identified in RCM patients.144 These findings suggested that
TNNI3 mutations can lead to not only HCM but also RCM.
RCM is part of the spectrum of hereditary sarcomeric con-
tractile protein disease.

ISOLATED LEFT VENTRICULAR
NONCOMPACTION

Isolated left ventricular noncompaction (LVNC) is char-
acterized by a hypertrophic left ventricle with deep tra-
beculations and poor systolic function with or without
associated left ventricular dilation. LVNC is a rare dis-
order thought to be due to an arrest of myocardial 
morphogenesis.145,146

Molecular Basis of Disease

Familial recurrence in LVNC is high and found in approx-
imately 40% of patients.145 Genetic linkage and mutation
analysis have shown that mutations in the DRP3 gene
(chromosome 18q12), encoding the dystrophin-related
protein 3 known as α-dystrobrevin, are responsible for
LVNC associated with congenital heart defects.113 In addi-
tion, mutations in the G4.5 gene result in not only Barth
syndrome as described in the DCM section above, but also
other X-linked infantile cardiomyopathies, including

LVNC,113,147,148 X-linked infantile cardiomyopathy, and X-
linked endocardial fibroelastosis.149,150 Mutations in G4.5
were identified in two families with isolated LVNC includ-
ing a missense mutation in exon 4 (C118R) in one family
and a splice donor mutation (IVS10+2T→A) in intron 10
in the other family.113 Recently, Chen and colleagues151

reported a novel splice acceptor-site mutation of intron 8
of G4.5 in a family with severe infantile X-linked LVNC
without the usual findings of Barth syndrome. The inci-
dence of G4.5 mutations in LVNC is not high, and specific
mutations are not associated with a particular phenotype.

CARDIAC CHANNELOPATHIES/PRIMARY
ARRHYTHMIA SYNDROMES

CONGENITAL LONG QT SYNDROME

Molecular Basis of Disease

Congenital long QT syndrome is an inherited cardiac chan-
nelopathy characterized by prolongation of the QT inter-
val of the cardiac cycle and increased susceptibility for
syncope, seizures, and sudden cardiac death secondary to
polymorphic ventricular tachyarrhythmias (torsades de
pointes). Congenital LQTS occurs in two main heritable
forms: autosomal dominant LQTS, originally described as
Romano-Ward syndrome, and autosomal recessive LQTS,
originally described as the Jervell and Lange-Nielsen syn-
drome (JLNS; Table 14-4). LQTS is the first genetically
defined type of arrhythmia to be understood at the molec-
ular level as a primary cardiac channelopathy.152–154 Using
genetic linkage and mutational analysis, the genetic het-
erogeneity seen with the cardiomyopathies is similarly
present for this cardiac channelopathy.

Six LQTS genes have been identified: KVLQT1 (KCNQ1,
LQT1),155 HERG (KCNH2, LQT2),156 SCN5A (LQT3),157

ANKB (Ankyrin-B, LQT4),158 KCNE1 (minK, LQT5),159 and
KCNE2 (MiRP1, LQT6).160 LQT1 and LQT2 represent the
two most common genetic subtypes of LQTS comprising
about half of the syndrome. In approximately 30% to 40%
of families with LQTS, a genetic defect cannot be identified
in the known LQTS-causing genes.161

The gene responsible for LQT1 (originally named
KVLQT1, but more recently named KCNQ1), encodes the α-
subunit of the slowly activating delayed rectifier potassium
ion channel (IKs). The gene consists of 16 exons, spans
approximately 400 kb, and is localized to chromosome
11p15.5. The loss of IKs channel function decreases the IKs

current, resulting in prolongation of the action potential
duration and ventricular repolarization.

LQT2 is due to mutations in the human ether-a-go-go-
related gene (HERG, recently assigned as KCNH2), which
codes for the α-subunit of the rapidly activating delayed
rectifier potassium ion channel (IKr) and consists of 16
exons, spans 55 kb of genomic sequence,162 and is localized
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to chromosome 7q35–36.163 Mutations in HERG reduce the
IKr current, resulting in prolongation of the action poten-
tial duration and repolarization.

LQT3 results from mutations in SCN5A (chromosome
3p21–24) that encodes the α-subunit of the cardiac sodium
channel.164,165 In contrast to the other forms of LQTS, in
which a reduction of repolarization causes the prolonga-
tion of the action potential, SCN5A mutations that cause
LQT3 cause a “gain of function” in the cardiac sodium
channel with an increase in late sodium current. In addi-
tion, Ackerman and colleagues identified two decedents
with SCN5A mutations among 93 cases of sudden infant
death syndrome in a statewide population of SIDS autop-
sies using molecular analysis.166 SCN5A encodes a protein
of 2,016 amino acids with a putative structure that consists
of four homologous domains (DI to DIV), each of which
contains six membrane-spanning segments (S1 to S6)
similar to the structure of α-subunits of the potassium
channel.

Recently, a mutation in ANKB (chromosome 4q25–27),
which encodes ankyrin-B, was identified as the pathogenic
basis for the elusive LQT4 locus.158,167 Ankyrin-B (also
known as ankyrin 2) is a member of a family of versatile
membrane adapters.168 This study represents the first non-
cardiac channel gene to be implicated in LQTS.

The remaining LQTS genotypes include LQT5 secondary
to mutations in the β-subunit of the IKs channel (KCNE1 or
minK, chromosome 21q22.1)159 and LQT6 secondary to
mutations in KCNE2 (MiRP1).160 Interestingly, autosomal
recessive LQTS or Jervell and Lange-Nielsen syndrome is
secondary to homozygous or compound heterozygous

mutations involving either KCNQ1 (JLN1) or KCNE1
(JLN2) or both.169–172 By definition, both parents are het-
erozygous for a pathogenic mutation; however, they are
typically asymptomatic with negligible QT interval pro-
longation.173 In contrast, their affected offspring not only
have a severe cardiac phenotype but also are deaf. The IKs

channel plays a critical role in potassium homeostasis in
the endolymph of the inner ear.174,175

Clinical Utility of Testing

Molecular testing of the LQTS genes has been performed
in research laboratories over the past decade. In addition
to bridging the gap from research to clinical practice and
providing critical information for families while a clinical
assay is being developed, such molecular genetic testing
has enabled very significant genotype-phenotype correla-
tions to be delineated. First, cardiac events occur more fre-
quently at rest or during sleep in LQT3, whereas cardiac
events are typically related to emotion or exercise (partic-
ularly swimming) in LQT1176,177 and auditory stimuli in
LQT2.177 Second, the recurrence rate of cardiac events while
on β-blocker therapy was significantly lower in patients
with LQT1 (19%) compared to LQT2 (41%) and LQT3
(50%).178 Third, LQT3 patients under the age of 40 years
have a lower incidence of cardiac events (18%) compared
to LQT1 (63%) and LQT2 (46%) patients, but the lethality
per cardiac event is greatest in LQT3.177,179 Fourth, patients
with LQT2-causing mutations in the channel pore tend to
have a “poorer” prognosis than LQT2 patients with C-

Table 14-4. Summary of Molecular Basis of Cardiac Channelopathies

Type Locus Gene Mode of Inheritance Current Mutations Frequency (%)

Romano-Ward Syndrome: LQTS

LQT1 11p15.5 KCNQ1/KVLQT1 AD IKs mis, non, ins/del 20–25
LQT2 7q35-36 KCNH2/HERG AD IKr mis, non, ins/del 20–25
LQT3 3p21–p24 SCN5A AD INa mis, non, ins/del <5
LQT4 4q25–q27 ANKB AD Na/Ca mis <1
LQT5 21q22.1 KCNE1/minK AD IKs mis 1
LQT6 21q22.1 KCNE2/MiRP1 AD IKs mis 1

Jervell and Lange-Nielsen Syndrome: LQTS

JLN1 11p15.5 KCNQ1/KVLQT1 AR IKs mis, non, ins/del 80
JLN2 21q22.1 KCNE1/minK AR IKs mis 20

Anderson Syndrome

AS1 17q23 KCNJ2 AD IK1 mis 50

Brugada Syndrome

BrS1 3p21–p24 SCN5A AD INa mis 20

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)

CPVT1 1q42–q43 RYR2 AD – mis 50
CPVT2 1p13–21 CASQ2 AR – mis Unknown

AD, autosomal dominant; AR, autosomal recessive; mis, missense mutation; non, nonsense mutation; ins/del, insertion/deletion.
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terminal mutations.180 Fifth, elucidation of the various
genetic subtypes also has fostered the development and
interpretation of provocative physiological challenges with 
epinephrine to unmask certain forms of “concealed
LQTS.”181,182 In particular, Ackerman and colleagues first
demonstrated that patients with LQT1 manifest a para-
doxical QT response to low-dose epinephrine, which dis-
tinguishes them from other LQTS genotypes and, more
important, from normal individuals.182 Molecular genetic
testing is useful in diagnosis of “concealed LQTS,” espe-
cially in asymptomatic family members of patients with
LQTS. These insights further justify the transition of muta-
tional analysis from research laboratories to clinical molec-
ular laboratories.

Available Assays

Mutational analyses of the known LQTS genes are per-
formed in research laboratories by PCR amplification 
combined with SSCP analysis, TMHA-DHPLC analysis, or
direct DNA sequencing of the PCR products. The com-
mercial LQTS gene screen in development involves a single
PCR protocol to amplify all the protein-encoding exons for
subsequent high-throughput DNA sequencing.

Interpretation of Test Results

Molecular genetic testing for LQTS is likely to play a critical
complementary role in the diagnostic evaluation and risk
stratification for LQTS. However, the present sensitivity of
the genetic test is approximately 60% to 70%.As such, a neg-
ative LQTS gene screen will not provide sufficient objective
evidence to exclude the presence of LQTS.

Laboratory Issues 

The anticipated commercially available clinical diagnostic
test for the cardiac channelopathies will test for mutations
in the genes responsible for LQT1, LQT2, LQT3, LQT5, and
LQT6. Importantly, the gene responsible for LQT4 and the
genes implicated in the other primary channelopathies will
not be part of the first-generation molecular genetic test.
The LQTS channel screen will represent the first available
multigene molecular genetic test for any heritable cardio-
vascular disease.

BRUGADA SYNDROME

Brugada syndrome (BrS) is characterized clinically by
syncope and increased risk of SCD, particularly in young
men at night, electrocardiographically by a right bundle
branch block pattern and ST segment elevation in the 
precordial leads V1–V3, and echocardiographically by a
structurally normal heart.183,184 In Asia, BrS and sudden

nocturnal death syndrome were previously called lai tai
(Thailand), pokkuri (Japan), and banungut (Philippines),
which mean nocturnal sudden death. BrS has been consid-
ered a distinct subgroup of idiopathic ventricular fibrilla-
tion (IVF) and may account for 20% to 40% of all patients
with IVF.185 IVF is classified as ventricular fibrillation
without demonstrable cardiac or noncardiac causes to
account for the episode186 and accounts for approximately
5% to 12% of all sudden deaths. IVF is associated with a
high mortality rate and high recurrence rates of up to 30%
during the 5 years after an initial episode of survived
cardiac arrest. For both BrS and IVF, the treatment of
choice is principally defibrillator therapy.

Molecular Basis of Disease

In early 1998, Chen and colleagues187 reported the first gene
linked to BrS in six families and two sporadic cases of BrS
using SSCP and sequencing analysis of SCN5A. Mutations
in the cardiac sodium channel encoded by SCN5A (recall
that LQT3 is due to SCN5A defects as well) were identified
initially in three families: a missense mutation, a two-
nucleotide insertion, and a single nucleotide deletion.
However, the sites of mutations were distinct from those
known to contribute to LQT3, and the QT interval was not
prolonged in these patients. In contrast to LQT3, BrS-
causing SCN5A mutations result in a “loss of function.”

SCN5A gene mutations have been identified in approxi-
mately 20% of patients with clinical BrS.188,189 In cases of
sporadic BrS, SCN5A mutations rarely are found.190

Recently, Weiss reported a large multigeneration family
with an autosomal dominant form of BrS linked to a new
locus on chromosome 3p22–25 distinct from SCN5A,
confirming the suspected genetic heterogeneity of this syn-
drome.191 Akai and colleagues192 recently reported a novel
SCN5A missense mutation (S1710L) in a symptomatic IVF
patient lacking electrocardiographic evidence for BrS.

Clinical Utility of Testing

Considering that only one genotype for BrS exists, and 
that genotype (BrS1 = SCN5A) accounts for 20% of the 
syndrome, the clinical utility is limited. For families 
established to have BrS1, genetic testing can be used to 
distinguish family members whose clinical evaluations are
equivocal. Presently, BrS1 versus non-BrS1 genotype does
not seem to afford any prognostic information.

Available Assays

Mutational analysis of SCN5A for BrS1 screening the
known LQTS genes is performed in research laboratories
by PCR amplification combined with SSCP analysis,
TMHA-DHPLC analysis, or direct DNA sequencing of the
PCR products.
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Interpretation of Test Results

Sensitivity of current BrS molecular genetic testing is
approximately 20%.

Laboratory Issues

The anticipated commercially available clinical genetic test
for cardiac channelopathies will include the gene (SCN5A)
responsible for both LQT3 and BrS1.

CATECHOLAMINERGIC POLYMORPHIC
VENTRICULAR TACHYCARDIA

Catecholaminergic polymorphic ventricular tachycardia is
a distinct arrhythmogenic entity in children and adoles-
cents with structurally normal hearts characterized by
episodes of syncope, seizures, or sudden death in response
to physical activity or emotional stress, resulting in stress-
induced ventricular arrhythmias that are predominantly
bidirectional ventricular tachycardias.193

Molecular Basis of Disease

CPVT can be transmitted in either an autosomal domi-
nant194 or an autosomal recessive inheritance pattern.195

Swan and colleagues first reported linkage of CPVT to
chromosome 1q42–q43.194 Subsequently, Priori and col-
leagues196 demonstrated that the cardiac ryanodine recep-
tor gene (RYR2) mapping on chromosome 1q42-q43 was
responsible for this disease. Initially, four RYR2 missense
mutations were found, three sporadic mutations (S2246L,
R2474S, and N4104K), and one familial (R4497C). RYR2
mutations were then identified in 14 of 30 probands (36%
of patients with bidirectional ventricular tachycardia,
58% of patients with polymorphic ventricular tachycardia,
50% of patients with catecholaminergic idiopathic ventric-
ular fibrillation, and in nine family members (four silent
gene carriers).197 Lahat and colleagues195 reported an auto-
somal recessive form of CPVT mapping to chromosome
1p13–21. Subsequently, this group also described a mis-
sense mutation in a highly conserved region of the calse-
questrin 2 gene (CASQ2) as one potential mechanism for
autosomal recessive CPVT.198

Clinical Utility of Testing

Although only 50% of CPVT has been elucidated geneti-
cally, some important genotype-phenotype relationships
have emerged that support a role for molecular genetic
testing in addition to the preclinical identification of
asymptomatic carriers. Families with CPVT1 (RYR2 muta-
tions) are more prone to stress-induced ventricular tachy-

cardia at an earlier age than genotype-negative CPVT. In
addition, males with CPVT1 may be at greater risk for
syncope than males lacking RYR2 mutations.197

Available Assays

Mutation screening is performed in research laboratories
on genomic DNA extracts from peripheral blood lympho-
cytes. Intronic primers amplifying the RYR2 coding region
are used for PCR. PCR products are analyzed by either
SSCP or DHPLC.197

Interpretation of Test Results

The sensitivity of molecular testing for the two CPVT-
causing genes is approximately 50%.

Laboratory Issues

Currently, commercial test kits are not available for CPVT
genetic testing.

ANDERSEN SYNDROME

Molecular Basis of Disease

Andersen syndrome (AS) is a rare inherited disorder char-
acterized by periodic paralysis, prolongation of the QT
interval with ventricular arrhythmias, and characteristic
dysmorphic features including low-set ears, micrognathia,
short stature, scoliosis, hypertelorism, broad forehead, and
clinodactyly.199,200 AS is inherited in an autosomal domi-
nant manner,201 although many cases are sporadic. Plaster
and colleagues202 demonstrated that mutations in the
KCNJ2 gene (chromosome 17q23) encoding the inward-
rectifying K+ channel (Kir2.1) are responsible for AS.
Subsequently, several additional heterozygous missense
mutations were identified in KCNJ2 in families with
AS.203–205 These KCNJ2 mutations produce loss of function
and dominant negative suppression of Kir2.1 channel 
function.205

Clinical Utility of Testing

Because of the prolonged QT interval manifest in most
patients with KCNJ2 mutations, this gene also has been
implicated in the pathogenesis of LQT7. However, no fam-
ilies with isolated, autosomal dominant LQTS have been
reported to have mutations in KCNJ2. Because KCNJ2
mutations were not found in every family with AS, this
multiorgan syndrome is certain to be genetically heteroge-
neous as well, and KCNJ2 mutations may be more accu-
rately designated as the molecular basis for AS1.
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Available Assays

The entire coding region of Kir2.1 is amplified from the
genomic DNA by PCR and then analyzed by DNA sequenc-
ing.205 Again, analysis of KCNJ2 is performed only in
research laboratories at the present time.

Interpretation of Test Results

Test sensitivity and specificity are not known.

Laboratory Issues

Currently, commercial test kits are not available for AS
genetic testing.

Conclusions

Over the past ten years, profound molecular breakthroughs
and advances related to the Human Genome Project 
have facilitated the discovery of fundamental pathogenic
mechanisms for several heritable cardiovascular diseases.
Important genotype-phenotype insights have been ident-
ified and have been applied in the clinical setting for proper
identification and treatment of preclinical, asymptomatic
individuals and for prognostic considerations. Already,
genetic testing of critical polymorphisms such as factor V
Leiden that predispose to venous thrombosis and pul-
monary embolism has made the transition from a test per-
formed solely in research laboratories to a readily available
clinical molecular test. However, in contrast to clinical
molecular testing for risk-modifying polymorphisms,
the development of clinical molecular genetic tests for the
disease-causing genes of such processes as cardiomy-
opathies and channelopathies has been hindered by 
the immense genetic heterogeneity for these diseases.
Undoubtedly, technological advances will be made over the
next decade that will enable comprehensive gene screening
for diseases such as LQTS and HCM to join the ranks of
existing clinical genetic tests such as CFTR screening 
for cystic fibrosis and BRCA1/2 screening for breast 
cancer.
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Clinical Utility of Testing

The direct quantitative analysis of HD CAG repeat number
is clinically available in a large number of clinical molecu-
lar laboratories.3 As HD appears to be a genetically homo-
geneous disease, molecular testing has been routinely
utilized with confidence for diagnostic, predictive, and 
prenatal purposes. In the case of predictive testing,
professional standards strongly encourage that this test be
offered only to individuals who have reached the statutory
age of majority (generally 18 years of age). For adults, a
formal multidisciplinary predictive testing protocol is
offered at many sites for those desiring determination of
their carrier status before the onset of symptoms. The 
recommended presymptomatic protocol includes pretest
counseling and evaluation of the individual being tested 
by a clinical geneticist, genetic counselor, psychologist or
psychiatrist, and neurologist over several visits, with the
option to not receive test results even after testing has been
completed. With few exceptions, interpretation of labora-
tory results is unambiguous and the resulting genetic coun-
seling consultations follow those for other autosomal
dominant adult-onset disorders.

Available Assays

Detection of HD CAG repeat expansions can be deter-
mined by both PCR and Southern blot methods. For PCR,
several sets of primers, assay conditions, amplicon separa-
tion, and detection techniques have been published.2

Regardless of the particular PCR test method employed,
optimization of the assay conditions and post-PCR analy-
ses are essential to ensure accurate and unambiguous
quantitation of the HD CAG repeat length (Figure 15-1).
CAG sizing anomalies have been observed in both com-
parative studies of 32P incorporation methods2 and com-
parative post-PCR analyses utilizing agarose, capillary, and
denaturing polyacrylamide gel electrophoretic methods.
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HUNTINGTON DISEASE

Molecular Basis of Disease

Huntington disease (HD) is an autosomal dominant neu-
rodegenerative disorder clinically characterized by the
presence of choreiform movements, psychiatric sequelae,
and dementia. While the majority (>90%) of HD patients
become clinically symptomatic in adulthood, 5% to 10% of
patients present with the juvenile-onset form of the
disease, which is almost invariably associated with inheri-
tance of the mutant allele from a symptomatic father.
Unlike the adult-onset form of the disease, juvenile HD is
generally characterized by the presence of progressive
rigidity, seizures, ataxia, and dystonia.

The HD gene (IT15) is located on chromosome 4p16. The
gene spans more than 200 kilobases (kb) and contains 67
exons. The encoded protein, huntingtin, is a 3,136 amino
acid protein with an approximate molecular weight of 350
kilodaltons (kDa) that shares no known homologies with
other characterized proteins. HD is caused by a toxic gain-
of-function mechanism associated with the expansion of a
polyglutamine tract within the protein that is translated
from a CAG repeat region within exon 1 of the gene. The
CAG repeat length is highly polymorphic in the general
population,1 with the largest normal allele currently
defined as carrying ≤26 CAG repeats. Alleles carrying ≥40
CAG repeats, identified in symptomatic patients with a pre-
sumptive clinical diagnosis of HD, are considered diagnos-
tic. Alleles with 27 to 35 CAG repeats are defined as
“mutable normal or intermediate alleles.” While alleles in
this size range have yet to be convincingly associated with
an HD phenotype, they can be meiotically unstable in
sperm and result in the expansion of paternally derived
alleles.2 Alleles found to carry 36 to 39 CAG repeats are
defined as “HD alleles with reduced penetrance.” Alleles in
this size range have been found in both clinically as well as
neuropathologically confirmed HD patients and in elderly
asymptomatic individuals.2
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While PCR testing has a sensitivity of approximately 99%,
the fidelity of amplification of very large alleles is not
empirically known. However, conventional PCR protocols
reproducibly amplify alleles in the 115 to 120 CAG repeat
range,2 and modified PCR protocols (long-template PCR)
have enabled detection of an approximately 265 CAG
repeat allele in a patient with juvenile-onset disease.6 As
such, accurate quantitation of patient amplicon sizes
should be empirically determined by comparison to 
appropriate external or internal standards. These generally
include M13 sequencing ladders, cloned reference stan-
dards, and appropriate normal and abnormal patient con-
trols with independently verified repeat sizes, usually by
sequence analysis of the CAG repeat.

As the length of the polymorphic CAG repeat alone is
associated with HD, patient genotyping based on the use
of a single primer pair that amplifies both the CAG and
adjacent CCG repeat2 should be discouraged. The CCG
repeat, which lies 12 base pairs (bp) 3′ of the HD CAG
repeat, has been shown to be polymorphic and as a result
may lead to diagnostic inaccuracies for both normal and
HD allele sizing. Furthermore, polymorphisms surround-
ing or within the CAG tract have been identified with a col-
lective frequency of approximately 1%.2 These nucleotide
substitutions can be categorized into two groups: (1) those
that modify primer-annealing sites and (2) those that result
in the loss of sequence interruption between the CAG and
CCG tracts. With the first category, nucleotide changes may
result in the misinterpretation of genotyping data due to
an allele-specific amplification failure associated with
improper primer annealing. In the second category, rare A-
to-G substitutions within the intervening 12 bp segment
between the CAG and CCG tracts can result in increased

meiotic instability of the tract as well as miscalculation of
uninterrupted CAG repeat length based on conventional
calculation formulas.2

Southern blot methods, although not generally used for
routine diagnostic testing, are often essential for the
identification or confirmation of very large expansions
typically associated with juvenile-onset HD, because these
alleles are typically refractory to robust amplification by
conventional PCR. Furthermore, this method may be
useful for the confirmation of patients (generally children)
who appear to be homozygous for two normal-sized
alleles.2

Interpretation of Test Results

PCR testing for the HD CAG repeat has a reported sensi-
tivity of 99%. The remaining 1% of patients represent HD
phenocopies, and to date at least two distinct genetic loci
(HDL1 and HDL2) have been identified.2 Testing specificity
is 100%.1 In summary, the interpretative challenges in HD
testing are primarily related to the need to recognize that
CAG ranges and descriptors may be modified over time.
For reporting of HD results, the American College of
Medical Genetics (ACMG) has recently established updated
guidelines regarding the definitions of CAG repeat range
descriptors and interpretative guidelines for genetic coun-
seling purposes.2

Laboratory Issues

There is currently no commercially available in vitro diag-
nostic test kit for HD. The College of American Patholo-
gists (CAP) offers HD proficiency challenges twice a year
as part of the CAP/ACMG Molecular Genetics Laboratory
(MGL) Survey. Genotyped HD patient DNA for use as con-
trols can be obtained from the Coriell Cell Repositories
(Camden, NJ; http://ccr.coriell.org/).

AUTOSOMAL DOMINANT CEREBELLAR
ATAXIAS AND FRIEDREICH ATAXIA

Molecular Basis of Disease

The autosomal dominant cerebellar ataxias (ADCAs) col-
lectively represent a clinically heterogeneous group of neu-
rological disorders. To date, at least 27 distinct loci have
been identified, and clinical testing is presently available
for 12 of these (Table 15-1). Because the collective inci-
dence of these disorders is high in both unselected and
selected ataxia cohorts7,8 and the degree of clinical overlap
among the various ADCAs is extensive, molecular genetic
testing is a valuable diagnostic tool. Most of the molecu-
larly characterized ADCAs (dentatorubro pallidoluysian
atrophy or DRPLA and SCA1, 2, 3, 6, 7, 8, 10, 12, and 17) are

167bp-

92bp-
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Figure 15-1. PCR genotyping of the Huntington disease polymorphic CAG repeat uti-
lizing 32P-dCTP incorporation and the Al/C2 primer pair.4,5 Separation and sizing of alleles
was performed on a 35 cm × 43 cm 6% denaturing polyacrylamide gel followed by
autoradiography. The numbers of CAG repeats in each of the two alleles are 17/44, 17/17,
17/18, 17/44, 17/25, 19/45, 15/19, 15/40, 22/45, 20/24, and 15/45 for patients 1 to 11,
respectively.
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associated with reiterated repeat expansion mutations.
DRPLA and SCA1, 2, 3, 6, 7, 12, and 17 are associated with
CAG trinucleotide repeat expansion mutations. SCA8 is
associated with a CTG expansion mutation, and SCA10
with an ATTCT pentanucleotide repeat expansion.

In the majority of these disorders the location of the
repeat is exonic (DRPLA and SCA1, 2, 3, 6, 7, and 17), and
the mechanism of disease pathogenesis (with the exception
of SCA6) is thought to involve a toxic gain of function in
the protein. With some exceptions, SCA5 is associated with
the spectrin beta chain,3 the function of the normal gene
product is not known. SCA6 is associated with a CAG
expansion in the CACNA1A gene, which encodes the
voltage-dependent P/Q-type calcium channel α-1A
subunit. SCA12 is associated with a CAG expansion in the
5′ UTR of the PPP2R2B gene, which encodes a brain-
specific regulatory subunit of the protein phosphatase
PP2A.9 SCA13 with the protein voltage-gated channel sub-
family C member 3,3 SCA14 with the protein kinase C,
gamma type,3 SCA17 is associated with a CAG repeat
expansion in the TATA-binding protein (TBP) gene, which
encodes a general transcription initiation factor.10 SCA8 is
associated with a CTG expansion within the 3′ untranslated
exon of a fully processed transcript of a gene of unknown
function11 and SCA10 is associated with an intronic expan-

sion of a pentanucleotide (ATTCT) sequence within the
SCA10 gene encoding a protein of unknown function.12

Friedreich ataxia (FRDA) is the most common form of
hereditary ataxia, with a prevalence of approximately 2 to
4 per 100,000 and a carrier frequency of approximately 1
in 90. The disease has an autosomal recessive mode of
inheritance. FRDA is clinically characterized by the onset
of gait and limb ataxia before the age of 25 years, decreased
deep tendon reflexes, dysarthria, pyramidal signs, Babinski
responses, and decreased position or vibration sense (or
both) in the lower limbs. Approximately 65% of patients
also develop a cardiomyopathy, while approximately 10%
of patients develop diabetes.Atypical clinical presentations
have been reported in approximately 25% of patients and
generally have included later ages of onset (after 25 years
of age), retained reflexes, and slower disease progression.
In addition, genetically confirmed patients with more
complex phenotypes have recently been reported and
include individuals with idiopathic spastic paraparesis,
motor and sensory neuropathy, limb and axial dystonia,
and chorea with myoclonus.13

FRDA is caused by mutations in the FRDA gene that
encodes the protein frataxin. Frataxin is a 210 amino 
acid protein that localizes to the mitochondrial inner 
membrane, where it is required for mitochondrial iron

Table 15-1. Molecular Classification of the Autosomal Dominant Cerebellar Ataxias (ADCA) and Friedreich Ataxia (FRDA)

Locus Inheritance Chromosome Gene Product Clinical Test1

DRPLA AD 12p13 Atrophin-1 Yes
SCA-1 AD 6p23 Ataxin-1 Yes
SCA-2 AD 12q24 Ataxin-2 Yes
SCA-3 AD 14q24 Ataxin-3 Yes
SCA-4 AD 16q22 Puratrophin-1 No
SCA-5 AD 11p11 Spectrin beta chain, brain 2 Yes
SCA-6 AD 19p13 Voltage-dependent P/Q-type calcium channel a-1A subunit Yes
SCA-7 AD 3p21 Ataxin-7 Yes
SCA-8 AD 13q21 Not named Yes
SCA-9 (not assigned) AD
SCA-10 AD 22q13 Ataxin-10 Yes
SCA-11 AD 15q14 Unknown No
SCA-12 AD 5q31 Protein phospatase 2, regulatory subunit B Yes
SCA-13 AD 19q13 Potassium voltage-gated channel subfamily 3, mumber 3 No
SCA-14 AD 19q13 Protein kinase C, gamma type Yes
SCA-15 AD 3p26 Unknown No
SCA-16 AD 8q22 Unknown No
SCA-17 AD 6q27 TATA-box binding protein Yes
SCA-18 AD 7q22 Unknown No
SCA-19 AD 1q21 Unknown No
SCA-20 AD 11cen Unknown No
SCA-21 AD 7p21 Unknown No
SCA-22 AD 1p21 Unknown No
SCA-23 AD 20p13 Unknown No
SCA-25 AD 2p21 Unknown No
SCA-26 AD 19p13 Unknown
SCA-27 AD 13p34 Fibroblast growth factor 14 No
SCA-28 AD 18p11 Unknown No
FRDA AR 9p13 Frataxin Yes

Sources: See GeneTests (www.genetests.org), The Human Gene Nomenclature Database (www.gene.ucl.ac.uk/nomenclature/), and The Neu-
romuscular Disease Center, Washington University, St Louis, MO (www.neuro.wustl.edu/neuromuscular/index.html).
1 DNA-based testing.
AD, autosomal dominant; AR; autosomal recessive.
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homeostasis. Approximately 96% of patients are homozy-
gous for GAA expansion mutations within intron 1 of the
FRDA gene. However, the remaining 4% of patients are
compound heterozygotes for a GAA expansion on one
allele and a point mutation on the other. Both mutation
types, however, are gene inactivating.13

Clinical Utility of Testing

The utility of offering testing for the molecularly charac-
terized ADCAs and FRDA is very high. For the ADCAs,
diagnostic, predictive, as well as prenatal testing can be
performed with confidence. Although allelic heterogeneity
has been reported in FRDA (i.e., point mutations in com-
pound heterozygotes), the vast majority of FRDA patients
have homozygous expansions of the GAA repeat; hence,
diagnostic, predictive, and prenatal testing can also be
offered with confidence. As is the case with HD, predictive
testing for the ADCAs should be offered only to individu-
als who have reached the statutory age of majority (gener-
ally 18 years age). For adults, a formal multidisciplinary
predictive testing protocol, similar to the one utilized for
HD predictive testing, should be offered to those desiring
determination of their carrier status. Again, with few
exceptions, interpretation of the laboratory result is unam-
biguous, and the resulting genetic counseling consultations
follow those for other autosomal dominant adult-onset
disorders. For FRDA families, appropriate counseling con-
sistent with an autosomal recessive pattern of inheritance
is required.

Available Assays

Detection and quantitation of the repeat expansions asso-
ciated with the ADCAs can be determined by both PCR and
Southern blot methods, and the choice of methodology is
dependent on the characteristic size range for the disease-
specific expansion mutation. For example, very large expan-
sions, such as those routinely seen in SCA10, require the use
of Southern blot, whereas those seen in other ADCAs
(SCA6, for example) are amenable to detection by routine
PCR analysis. There are some notable exceptions, however,
which are described below. As already alluded to for HD,
regardless of the particular PCR method employed, assay
conditions and post-PCR analyses should be optimized to
ensure accurate and unambiguous quantitation of repeat
length. Furthermore, CAG sizing anomalies for ADCA
testing also have been observed in comparative studies of
capillary and denaturing polyacrylamide gel electro-
phoretic methods.14 As such, accurate quantitation of
patient amplicon sizes should be empirically determined by
comparison to appropriate external or internal standards.

One of the important methodological considerations for
quantitation of expansion mutations in general is the
recognition of the existence of “extreme expansions” asso-
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Figure 15-2. Molecular testing for the SCA2 CAG repeat. (a) PCR genotyping of the
SCA2 polymorphic CAG repeat utilizing the UH13/UH10 primer pair16 is shown for two
related patients (lane 1, mother; lane 2, son) with adult-onset and juvenile-onset SCA2,
respectively.15 Separation and sizing of alleles was performed on a 35 cm × 43 cm 6%
denaturing polyacrylamide gel followed by autoradiography. The numbers of CAG
repeats in each of the two alleles are 22/45 (lane 1, affected mother run in duplicate),
23/~350 (lane 2, affected child run in duplicate), and 22/22 (lane 3, normal unaffected
control). (b) PCR-Southern blot analysis17 of the same mother-child samples shown in
Figure 15-2a, confirming the presence of the extreme expansion in the affected son.
Allele sizes are 22/45 (lane 1, affected mother), 23/~350 (lane 2, affected child), and
23/~400 (lane 3, positive extreme expansion control). (Figure 15-2b courtesy of Dr. Karen

Snow-Bailey, Auckland District Health Board, Auckland, New Zealand.)

ciated with several of the SCAs. For example, both the
infantile and juvenile-onset forms of SCA2 and SCA7 have
been associated with large, or “extreme,” expansions 
generally greater than 200 CAG repeats.15 In a situation 
that is analogous to the large expansions of juvenile-onset
HD, these alleles can be refractory to efficient PCR or
difficult to separate using conventional polyacrylamide gel
electrophoresis (PAGE). Test results that are apparently
“homozygous normal” genotypes in infants or children
with a high index of clinical suspicion of SCA2 or SCA7
should be confirmed using a Southern blot test that can
detect large expansions (Figure 15-2a and b).17 This testing
strategy also is important for SCA8, since repeat lengths of
greater than 800 have been described in adults with SCA8.18

Detailed current information regarding repeat ranges, clin-
ical descriptors, and disease-specific commentaries for the
ADCAs is available on the web.19

Analysis of the FRDA GAA expansion mutation is gen-
erally performed by long-template PCR (Figure 15-3a and
b) or by Southern blot analysis.Although the fidelity of this
assay is high, PCR artifacts resembling expansions can be
seen, particularly in samples with two normal-sized alleles
(Figure 15-3a, lane 4). The expansion artifacts are thought
to be heteroduplexes, as they do not appear when ampli-
cons are analyzed under denaturing conditions. These arti-
facts should not result in significant diagnostic errors for
patients who are clearly heterozygous for two normal-sized



15. Neurodegenerative Disorders 183

alleles, as the intensity of the true alleles is usually much
greater than that of the heteroduplexes. Ambiguities may
remain, however, because the resolving power of 1%
agarose gels for amplicons in the 500 bp range is limited.
These can be clarified, if necessary, by either Southern blot
or denaturing PAGE.

Interpretation of Test Results

PCR tests for the ADCAs have a sensitivity of >99%, and
complete testing including Southern blot has a sensitivity
of close to 100%. For the reporting of results, interpreta-

tion of the findings requires the integration of available
clinical information, repeat size, and its clinical descriptor
(i.e., normal, intermediate, or abnormal). Again, the sub-
tleties of effective genetic counseling for the ADCAs
require an understanding of the significance of repeat sizes
and an appreciation that repeat ranges and descriptors may
change over time.19 PCR tests for FRDA have a sensitivity
of approximately 96%, but the presence of a frataxin point
mutation must be considered in patients with a high degree
of clinical suspicion and only one expanded GAA allele
(Figure 15-3b, lane 2). In such situations, referral to a lab-
oratory that offers point mutation analysis is strongly 
recommended. See also Figure 15-4.
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Figure 15-3. PCR analysis of the FRDA polymorphic
GAA expansion mutation utilizing the 104F/629R
primer pair20 and the Expand Long Template PCR
System (Roche Diagnostics, Mannheim, Germany). (a)
Lane 1, 100 bp step ladder G6951 (Promega, Madison,
WI); lane 2, 100 bp ladder G2101 (Promega); lane 3,
FRDA carrier with ~850 GAA repeats; lane 4, normal
individual with allele sizes of 9 and 26 GAA repeats; lane
5, FRDA patient with allele sizes of ~800/~900 GAA
repeats; lane 6, FRDA carrier with ~450 GAA repeats;
lane 7, normal control. (b) Lane 1, 100 bp step ladder
G6951 (Promega); lane 2, FRDA compound heterozy-
gote (see Figure 15-4) with ~1000 GAA repeats; lane 3,
FRDA patient with allele sizes of ~800/~900 GAA
repeats; lane 4, FRDA carrier with allele sizes of 9 and
88 GAA repeats (confirmed by DNA sequencing). PCR
products were separated through 1% agarose on a 10.5
cm × 14 cm horizontal gel and the alleles visualized
after ethidium bromide staining.

1 2 3 4 5

Figure 15-4. (a) SSCP analysis of the FRDA gene exon
1 amplicon revealing the presence of abnormal con-
formers (→) in two FRDA compound heterozygotes.
Lanes 1 and 2, exon 1 amplicon from a normal control;
lane 3, FRDA compound heterozygote carrying a G→A
transition at nucleotide 3 of the FRDA gene;21 lanes 4
and 5 (duplicate), FRDA compound heterozygote carry-
ing an A→C transversion at nucleotide 1 of the FRDA
gene. (b, c) Representative exon 1 electropherograms
from a normal individual (b) and the 3G→A/GAA1000

FRDA compound heterozygote (c) shown in Figure 15-
4a, lane 3, confirming the presence of the mutation in
the heterozygous state (;).
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Laboratory Issues

There are currently no in vitro diagnostic test kits com-
mercially available for the ADCAs or FRDA. The CAP offers
proficiency testing twice a year as part of the CAP/ACMG
MGL Survey that includes challenges for SCA1, 2, 3, 6, and
7 as well as FRDA.

ALZHEIMER DISEASE

Molecular Basis of Disease

Alzheimer disease is an adult-onset slowly progressive
dementia with gradual erosion of intellectual function.
Alzheimer disease is the most common form of dementia
in the elderly, accounting for approximately 50% of the
dementia in patients over age 85 years. Alzheimer disease
can be categorized as either sporadic (75% of cases) or
familial (25%). The 25% of familial cases are associated
with either late- (20%) or early-onset disease (5%) with
autosomal dominant/multifactorial or classic autosomal
dominant inheritance patterns (Table 15-2). Of the five
identified Alzheimer disease loci, four have been charac-
terized at the gene and protein levels (AD1-4) and clinical
(DNA) testing is available for three (AD2-4).

Late-onset Alzheimer disease (AD2), representing
approximately 20% of the familial cases, has been associ-
ated with the presence of the apolipoprotein E (APOE) ε4
allele in many large studies.22 APOE is a plasma protein
involved in the transport of cholesterol and is a component
of the very low-density lipoprotein (VLDL). The protein
exists in three isoforms (apoE2, E3, and E4) encoded for by
three alleles (ε2, ε3, and ε4). In the general population, the
ε3 allele is the most common allele, found in approximately
77% of individuals. As stated, while many studies have cor-
roborated the observation that the presence of an ε4 allele
in an individual with dementia increases the probability
that the patient has Alzheimer disease, this association 
is not complete. In patients with a clinical diagnosis of
Alzheimer disease, the presence of an ε4/ε4 genotype is 
virtually diagnostic (sensitivity of approximately 97%);

however, since approximately 45% of Alzheimer disease
patients do not have an ε4 allele, APOE genotyping is not
specific for Alzheimer disease.22,23

In contrast to late-onset Alzheimer disease, pathologic
mutations in at least three genes have been associated with
the development of early-onset familial Alzheimer disease
(EOFAD). AD1, comprising approximately 10% to 15% of
EOFAD, is associated with mutations in the gene encoding
the amyloid precursor protein (APP), a 110 to 130 kDa ubiq-
uitously expressed protein. The small proteolytic fragment
of APP, Aβ1-42, is found as a major component of amyloid
plaques, the neuropathological hallmark of Alzheimer
disease. Over a dozen APP missense mutations have been
described, with one mutational hotspot (V717) described in
multiple kindreds. AD3 (accounting for as much as 70% of
EOFAD) and AD4 (accounting for less than 5% of EOFAD)
are both associated with mutations in two highly homolo-
gous proteins, presenilin 1 and presenilin 2 (PSEN1 and
PSEN2). The specific functions of these proteins are not
completely understood. Expression of both PSEN1 and
PSEN2 mutations in transfected cells has demonstrated an
upregulatory effect on Aβ1-42 secretion, suggesting a role in
the processing and secretion of APP and its amyloidogenic
peptide. To date, more than 40 missense mutations have
been identified in AD3 kindreds, whereas only three muta-
tions have been reported in AD4 families.22,23

Clinical Utility of Testing

Although APOE represents a risk factor for late-onset
familial and sporadic AD, the presence of an ε4 allele is
neither necessary nor sufficient for the development of
Alzheimer disease. As such, the use of APOE genotyping in
the clinical setting remains controversial. As a diagnostic
adjunct in the clinical evaluation of a patient with late-
onset dementia, the test may have some demonstrable clin-
ical utility; however, there is general agreement that this
test should not be used for predictive purposes and should
never be considered for prenatal testing. In contrast, within
the context of a high degree of clinical suspicion and the
documentation of a family history of Alzheimer disease,
DNA diagnostic testing for both AD3 and AD4 has demon-
strable utility. Confirmation of a pathologic mutation in a
proband will establish a diagnosis and clarify the EOFAD
subtype such that both presymptomatic testing for appro-
priate family members and prenatal testing for at-risk
pregnancies could be offered.

Available Assays

APOE genotyping can be performed by traditional poly-
merase chain reaction–restriction fragment length poly-
morphism (PCR-RFLP) analysis or by the Invader method
(Third Wave Technologies, Madison, WI).24 Detection of
pathologic mutations in APP, PSEN1 and PSEN2 requires
direct DNA sequencing.

Table 15-2. Molecular Classification of Alzheimer Disease (AD)
Gene Clinical 

Locus Inheritance Chromosome Product Test1

AD1 AD 21q21.3 APP2 Yes
AD2 AD/Multifactorial3 19q13 APOE4 Yes
AD3 AD 14q24 PSEN15 Yes
AD4 AD 1q31 PSEN26 Yes
AD5 AD/Multifactorial 12q11 Unknown No

Source: See GeneTests (www.genetests.org).
1 DNA-based testing.
2 APP (amyloid precursor protein).
3 risk-factor/genetic susceptibility.
4 APOE (apolipoprotein E).
5 PSEN1 (presenilin 1).
6 PSEN2 (presenilin 2).
AD, autosomal dominant
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Interpretation of Test Results

Interpretation of an APOE genotype requires the concur-
rent evaluation of other clinical information available at
the time of testing and should never be interpreted in the
absence of this information. As such, testing is limited to
situations where the index of clinical suspicion for AD is
quite high. In contrast, the identification of a pathologic
PSEN1 or PSEN2 mutation in a symptomatic proband is
diagnostic. Testing sensitivity for PSEN1 is estimated to be
between 30% and 60%; therefore, a negative result needs 
to be interpreted with caution.While both presymptomatic
as well as prenatal testing are theoretically possible in
mutation-positive kindreds, the possible existence of
incomplete or reduced penetrance must be discussed
during genetic counseling.25

Laboratory Issues

No commercial in vitro diagnostic test kits are currently
available for Alzheimer disease testing, although Third
Wave Technologies (Madison, WI) does offer APOE geno-
typing reagents. Several APOE genotyped cell lines from
Alzheimer disease pedigrees can be obtained from the
Coriell Cell Repositories (Camden, NJ; http://ccr.coriell.
org/). Formal proficiency testing for Alzheimer disease is
not currently available.

PARKINSON DISEASE

Molecular Basis of Disease

Parkinson disease (PD) is a chronic, progressive, idiopathic
neurodegenerative disorder of late onset. Clinically, the
disease is characterized by the development of rigidity,
bradykinesia, resting tremor, and postural instability. Neu-
ropathologic changes are notable for the presence of Lewy
bodies and the selective degeneration of dopaminergic
neurons in the pars compacta and substantia nigra.

Although most patients present with a late-onset sporadic
form of the disease, the identification of familial forms of
PD has clearly established the role of genetic factors in
disease etiology and pathogenesis. To date, at least 11 forms
of PD can be distinguished on a genetic basis, and genes
for seven of these (PARK1, PARK2, PARK5, PARK6, PARK7,
PARK8, and PARK11) have been identified (Table 15-3).

PARK1 is associated with early-onset autosomal domi-
nant PD. Despite an earlier age of onset, clinically PARK1
patients have typical dopa-responsive PD as well as classic
neuropathologic findings at autopsy. Two missense muta-
tions in the α-synuclein (SCNA) gene at 4q21 have been
identified to date. The first, A53T, was found in 13 families
of Italian-Greek descent26 and the second, A30P, identified
in a single German kindred.27 Both mutations appear to be
highly penetrant. α-synuclein is a 140-amino-acid protein
predominantly expressed in neuronal tissues. Although the
function of α-synuclein is not well characterized, this
protein is one of the major protein constituents of the Lewy
body. One attractive hypothesis proposes that the mutant
forms of the protein have a propensity to oligomerize and
form toxic neuronal aggregates28 that contribute to the for-
mation of insoluble fibrils through the disruption of the
cellular ubiquitin-proteosome pathway and ultimately neu-
ronal cell death via an apoptotic mechanism.

PARK2, or juvenile-onset autosomal recessive PD, is
associated with mutations in the PARKIN gene that maps
to chromosome 6q25. The gene consists of 12 exons and
encodes a 465 amino acid protein. Functionally, parkin
contains a ubiquitin-like domain in the N-terminus and
two RING finger domains in the C-terminus. Similar to
other proteins containing RING finger domains, parkin has
been shown to have an E3 ubiquitin ligase activity. The
association of parkin mutations with an autosomal reces-
sive form of PD suggests that it is the loss of E3 ubiquitin
ligase activity that directly contributes to the pattern of
neurodegeneration seen in PD. Like PARK1, this mecha-
nism is thought to involve disruption of the ubiquitin-
proteosome system, resulting in the abnormal accumula-
tion of substrate proteins. To date, more than 35 pathologic
loss-of-function PARKIN mutations have been identified.

Table 15-3. Molecular Classification of Parkinson Disease (PD)
Locus Inheritance Chromosome Gene Product Clinical Test1

PARK1 AD 4q21 SNCA2 Yes
PARK2 AR 6q25 Parkin Yes
PARK3 AD 2p13 Unknown No
PARK4 AD 4p15 Unknown No
PARK5 AD 4p14 UCHL13 No
PARK6 AR 1p35 Serine-threonine protein kinase Yes
PARK7 AR 1p36 DJ-1 No
PARK8 AD 12p11 Leucine rich repeat kinase 2 Yes
PARK9 (Kufor-Rakeb Syndrome) AR 1p36 Unknown No
PARK10 Idiopathic 1p32 Unknown No
PARK11 (?) AD 2q22 NR4A2 No

Source: Adapted from the Human Gene Nomenclature Database (www.gene.ucl.ac.uk/nomenclature/).
1 DNA-based testing.
2 SNCA, α-synuclein.
3 UCHL1, ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase).
AD, autosomal dominant; AR, autosomal recessive.



186 N.T. Potter

Mutations are generally exon rearrangements leading to
deletions, duplications, triplications, or point mutations.
While current estimates indicate that >90% of all PARKIN
mutations can be identified by molecular methods,29,30

testing is presently available only on a research basis.
PARK5, a rare autosomal dominant form of PD, may be

associated with mutations in the UCHL1 gene, although to
date only a single partially penetrant missense mutation in
one family has been identified, raising the possibility that
this sequence alteration might be a rare genetic polymor-
phism.31 Ubiquitin C terminal hydrolase L1 (UCHL1) is 
an enzyme of the ubiquitin C terminal hydrolase family.
Abundantly expressed in brain, this enzyme is directly
involved in the protein ubiquitination pathway responsible
for the normal clearance and recycling of proteins from
neurons. The mutant form of UCHL1 has been reported to
have diminished enzyme activity, resulting in impaired
protein clearance through the ubiquitin-proteosome
pathway.28 PARK6 is associated with mutations in the
serine-threonine protein kinase gene (PINK1).3

Mutations (deletion and point mutations) in the recently
identified DJ1 gene are associated with PARK7, another
autosomal recessive form of PD. Although the specific
function of this newly identified gene is unknown, prelim-
inary data suggest involvement in the cellular oxidative
stress response.32 PARK8 is associated with mutations in
the leucine rich repeat kinase 2 gene.3

The most recently characterized PD gene, NR4A2, is
associated with yet another autosomal dominant form 
of the disease (PARK11). NR4A2, encoding a member of
nuclear receptor superfamily, is involved in the differenti-
ation of nigral dopaminergic neurons, suggesting that
mutations within the gene can result in dopaminergic dys-
function. Both a deletion and a missense mutation in exon
1 of NR4A2 have been identified in multiple symptomatic
members of ten kindreds segregating with an autosomal
dominant PD phenotype.33

Clinical Utility of Testing

Testing for PARK1, 2, 6, and 8 are available clinically.Within
the context of a high degree of clinical suspicion and the
documentation of a family history of PD, molecular testing
has demonstrable utility. Confirmation of a pathologic
mutation in a proband will establish a diagnosis and clarify
the mode of inheritance such that, theoretically, both
presymptomatic testing for appropriate family members
and prenatal testing for at-risk pregnancies could be
offered.

Available Assays

Testing for patients with suspected SCNA gene mutations
can be performed by conventional PCR-RFLP analysis of
the mutation-containing exons. Testing for PARKIN

mutations generally necessitates the use of a semiquantita-
tive PCR methodology to detect heterozygous exonic
rearrangements (deletions, duplications, and triplications),
which would not be detected by conventional nonquanti-
tative PCR or direct sequencing.30

Interpretation of Results

The identification of a pathologic mutations in a sympto-
matic proband is diagnostic.

Laboratory Issues

No commercial in vitro diagnostic test kits nor formal pro-
ficiency testing are currently available for PARK1.

AMYOTROPHIC LATERAL SCLEROSIS

Molecular Basis of Disease

Amyotrophic lateral sclerosis (ALS) is an adult-onset neu-
rodegenerative disease characterized by progressive loss of
function of both upper and lower motor neurons (UMN,
LMN) of the brain and spinal cord. The disease is charac-
terized clinically by the presence of deficits in UMN and
LMN function. UMN deficit signs generally include
hyperreflexia, extensor plantar response, and increased
muscle tone. LMN deficit signs include weakness, muscle
wasting and cramping, and fasciculations. While 90% of
ALS cases occur sporadically, the remaining 10% of
patients have familial forms of the disease, which can be
classified based on the mode of inheritance (Table 15-4).

Only ALS1 and ALS2 have been characterized at the
molecular and protein levels. The copper-zinc superoxide
dysmutase gene (SOD1) encodes superoxide dysmutase
(SOD1), a metalloenzyme consisting of 153 amino acids
with both copper and zinc binding sites. SOD1 catalyzes the
conversion of superoxide anions to hydrogen peroxide and

Table 15-4. Molecular Classification of Amyotrophic Lateral 
Sclerosis (ALS)

Gene Clinical 
Locus Inheritance Chromosome Product Test1

ALS1 AD 21q22.1 SOD12 Yes
ALS2 AR 2q33 Aslin Yes
ALS3 AD 18q31 Unknown No
ALS4 AD 9q34 Unknown No
ALS5 AR 15q15 Unknown No
ALS-FTD3 AD 9q22 Unknown No

Source: See GeneTests (www.genetests.org).
1 DNA-based testing.
2 SOD1, superoxide dysmutase (Cu-Zn).
3 ALS-FTD, ALS with frontotemporal dementia.
AD, autosomal dominant. AR, autosomal recessive.
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molecular oxygen and, as such, is thought to have a pro-
tective function in the cell by preventing oxidative damage
caused by the accumulation of free radicals. More than 90
mutations have been reported in the SOD1 gene, with one,
A4V, accounting for approximately 50% of all mutations
found in North American families. Approximately 20% of
patients with familial ALS and approximately 3% of
patients with sporadic ALS have SOD1 mutations (associ-
ated with ALS1).34

The gene product for ALS2, or autosomal recessive 
juvenile-onset ALS, recently has been identified and 
characterized. The protein, alsin, is predicted to encode a
184 kDa protein containing 1,657 amino acids. Analysis of
protein sequence homologies suggests that alsin may
belong to a family of GTPase regulator proteins. All ALS2
families studied to date carry deletion mutations that lead
to frameshifts, generating premature stop codons.35,36

Clinical Utility of Testing

Within the context of a high degree of clinical suspicion
and the documentation of a positive family history, DNA
diagnostic testing for ALS1 and ALS2 has demonstrable
utility. Confirmation of a pathologic mutation in a proband
will establish a diagnosis and clarify the mode of inheri-
tance such that both presymptomatic testing for appropri-
ate family members and prenatal testing for at-risk
pregnancies could be offered.

Available Assays

Due to allelic heterogeneity for both ALS1 and ALS2, clin-
ical testing for ALS1 requires the use of direct DNA 
sequencing.

Interpretation of Test Results

The identification of a pathologic SOD1 mutation in a
symptomatic proband is diagnostic. However, as test sen-
sitivity is estimated to be no greater than 50%, negative
results must be interpreted with caution. While both
presymptomatic as well as prenatal testing are theoretically
possible in mutation-positive kindreds, the existence of
incomplete or reduced penetrance makes pretest counsel-
ing difficult.

Laboratory Issues

No commercial in vitro diagnostic test kits are available for
ALS.Several cell lines and at least one purified genomic DNA
sample from a family with autosomal dominant ALS can be
obtained from the Coriell Cell Repositories (Camden, NJ;
http://ccr.coriell.org/); however, the mutation segregating in

the family has not been characterized. Formal proficiency
testing for ALS1 currently is not available.

DYSTONIA

Molecular Basis of Disease

Although they are not strictly considered a neurodegener-
ative disease, clinical and molecular descriptions of the dys-
tonias have historically been found in texts describing
neurodegenerative disorders. With the recent neuropatho-
logical descriptions associated with DYT3 (X-linked dysto-
nia-parkinsonism, or “Lubag” form of the disease) and
DYT14,37,38 the discussion of the dystonias in this chapter
becomes even more justified. The dystonias represent a clin-
ically heterogeneous group of disorders characterized by
sustained involuntary muscle contractions leading to repet-
itive twisting movements and abnormal postures. At least
14 forms of dystonia (Table 15-5) can be distinguished on
a genetic basis,37,39 and genes for three of the dystonias
(DYT1, DYT5, and DYT11) have been identified.37,39 DYT1,
also known as early-onset primary dystonia, is inherited in
an autosomal dominant manner and is usually associated
with reduced penetrance. Essentially all patients with DYT1
(>99.9%) have a 3 bp deletion (GAG) in the DYT1 gene. A
second mutation (an 18 bp in-frame deletion in exon 5 of
DYT1) has been described in one patient with early-onset
dystonia and myoclonic features.40 The DYT1 gene localizes
to chromosome 9q34 and encodes a 332 amino acid protein
called torsinA. Although its function remains unknown,
torsinA shares sequence homologies with the AAA super-

Table 15-5. Molecular Classification of the Dystonias

Gene Clinical 
Locus Inheritance Chromosome Product Test1

DYT1 AD 9q34 TorsinA Yes
DYT2 AR Unknown Unknown No
DYT3 X-linked Xq13.1 Putative DYT3 Yes

protein
DYT4 AD Unknown Unknown No
DYT5 AD 14q22.1 GCH12 Yes

AR 11p15 TH3 No
DYT6 AD 8p21 Unknown No
DYT7 AD 18p11.3 Unknown No
DYT8 AD 2q25 Unknown No
DYT9 AD 1p21 Unknown No
DYT10 AD 16p11 Unknown No
DYT11 AD 7q21 ε-Sarcoglycan No

AD 11q23 Dopamine No
receptor D2

DYT12 AD 19q13 Unknown No
DYT13 AD 1p36.13 Unknown No
DYT14 AD 14q13 Unknown No

Sources: Adapted from [31, 33].
1 DNA-based testing.
2 GCH1 (GTP cyclohydrolase I).
3 TH (tyrosine hydroxylase).
AD, autosomal dominant; AR, autosomal recessive.
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family of ATPases37 and is thought to have a role in several
cellular functions including protein folding and degrada-
tion, membrane trafficking, vesicle fusion, cytoskeletal
dynamics, and physiological responses to stress.37

DYT5, or dopamine-responsive dystonia (DRD), is asso-
ciated with mutations in two different genes. Homozygous
as well as compound heterozygous mutations in the tyro-
sine hydroxylase (TH) gene at 11p15.5 are associated with
the rare autosomal recessive form of DRD. The more
common autosomal dominant form of DRD is associated
with mutations in the GTP cyclohydrolase I (GCH1) gene,
which maps to 14q22.1. Both enzymes are involved in the
bio-synthetic pathway for the neurotransmitter dopamine.
Recently a third DRD locus (DYT14) has been mapped to
chromosome 14q13 but the specific gene and its protein
product are not known.37

DYT11, or myoclonus-dystonia, is associated with loss-
of-function mutations in the ε-sarcoglycan gene at 7q21 in
a large number of families and represents a major locus for
myoclonus-dystonia. However, the concurrent finding of a
single myoclonus-dystonia family segregating a missense
mutation in the D2 dopamine receptor (DRD2) gene that
maps to 11q23, and the identification of linkage of another
large myoclonus-dystonia family to a locus on chromo-
some 18p11, suggests some degree of genetic heterogene-
ity for this form of dystonia.37

Clinical Utility of Testing

Clinical molecular testing is presently available for only
DYT1, DYT3, and the GCH1-linked form of DYT5.

Available Assays

Molecular testing for DYT1 is routinely performed by PCR-
RFLP analysis of the GAG-containing DYT1 exon (Figure
15-5). Determination of pathologic mutations in GCH1
requires direct DNA sequencing of the gene.

Interpretation of Test Results

Essentially all patients with typical early-onset dystonia
(DYT1) carry the GAG deletion on one allele, thus the test
sensitivity approaches 100%. In contrast, the specificity of
the assay is 60% to 70%, because DYT1 is inherited as an
autosomal dominant trait with reduced penetrance (30%
to 40%). Counseling of the parents of the proband should
include an evaluation of their clinical status and consider-
ation of molecular testing to determine parental origin of
the mutation. The risk of inheriting a DYT1 allele from a
proband is 50%; however, the probability that the gene
carrier will become symptomatic is estimated to be 30% to
40%. Prenatal testing is clinically available for fetuses at
50% risk of inheriting a DYT1 allele, once the presence of

the mutation has been confirmed in the family. New muta-
tions, although rare, have been reported, but the mutation
rate is unknown.

Unlike in DYT1, more than 85 mutations have been
identified in the GCH1 form of DYT5 and, on average,
approximately 30% to 40% of clinically symptomatic
patients will not carry a pathologic mutation in the coding
region or intron-exon boundaries of the gene.As such, clin-
ical testing (direct sequencing) is usually limited to diag-
nostic testing in a proband with the knowledge that testing
sensitivity may reach only 60%. If a mutation is detected,
carrier testing or prenatal testing or both can be consid-
ered for family members. Counseling for the offspring and
siblings of a molecularly-confirmed proband is also com-
plicated by the influence of gender-related reduced pene-
trance and the existence of new mutations.42

Laboratory Issues

Currently no commercial in vitro diagnostic test kits are
available for DYT1, DYT3, or DYT5. DYT1 DNA can be
obtained from the Coriell Cell Repositories (Camden, NJ;
http://ccr.coriell.org/). Currently, no formal proficiency
testing is available.
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Chapter 16
Skin and Connective Tissue Disorders
James C. Hyland

many patients develop severe kyphoscoliosis, leading to
cardiopulmonary in-sufficiency that contributes to 
premature death. Dentinogenesis imperfecta also is 
characteristic.

Type IV is the mildly deforming variant of OI. Fractures
may occur during birth or in utero. The patients are usually
short, often have dentinogenesis imperfecta, and have mild
to moderate skeletal deformities. The fracture rate may
decrease at puberty. Scoliosis or kyphoscoliosis may com-
promise cardiopulmonary function.3

OI Type I Phenotype Mutations

Mutational events resulting in COL1A1 null alleles are a
major cause of the type I variant. Null alleles may result
from point mutations directly producing stop codons, or
insertions, deletions, and splice-site alterations causing
frame shifts with the generation of downstream stop
codons. Splice-site mutations also may lead to the direct
inclusion of intronic sequences containing a stop codon.
The unifying theme is that these mutations lead to non-
sense-mediated messenger RNA (mRNA) decay.3,4 Other
COL1A1 gene mutations in type I OI result in specific
glycine substitutions and interference with procollagen
chain association. COL1A2 gene mutations infrequently
cause OI type I. Defined mutations include those altering
consensus splice sites, resulting in exon skipping, or muta-
tions causing specific glycine substitutions.3

OI Type II Phenotype Mutations

Numerous types of mutations are associated with type II
perinatal lethal OI. Glycine substitutions in the triple
helical domain of the proα(1) and proα(2) chains are the
most common.3 Glycine-to-stop codon mutations also
occur. Rare, multiexon rearrangements involving regions
of the COL1A1 gene that code for the triple helical domain
are lethal. These rearrangements include a deletion and a
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OSTEOGENESIS IMPERFECTA

Molecular Basis of Disease

Osteogenesis imperfecta (OI) is a clinically heterogeneous
disorder resulting from the reduced synthesis or the accu-
mulation of abnormal type I collagen, which is a major
structural component of many connective tissues includ-
ing bone. Type I collagen is a trimeric molecule composed
of two α1(I) chains and one α2(I) chain, encoded by the
COL1A1 and COL1A2 genes, respectively. Fibrillar colla-
gens have a long triple helical domain composed of Gly-X-
Y repeats. Glycine residues at every third position are
required for the formation of the triple helical domain.1 OI
is predominantly inherited in an autosomal dominant
fashion and is caused by a wide variety of mutational
events in either the COL1A1 or COL1A2 gene.

Phenotypic characteristics and clinical manifestations of
OI may include fractures, blue or dark sclera, bowing of the
femurs, short stature, dentinogenesis imperfecta, hearing
loss, and additional assorted skeletal abnormalities.2 Four
subtypes are recognized based on clinical findings (Table
16-1).

Type I is the mild variant of OI. Type I patients have blue
sclera and increased bone fragility, but usually obtain a
near normal stature. Fractures involve the long bones, ribs,
and bones of the hands, and may be few or numerous. The
fractures heal without deformity and the fracture rate
decreases following puberty.

Type II is the perinatal lethal variant of OI with up to
60% dying on the day of birth. Many infants are premature
with low birth weight. Infants have beaded ribs, a soft cal-
varium, dark sclera, and short extremities. The legs are
bowed and hips flexed. Fractures are rare since the bones
are soft.

Type III is known as the progressive deforming variant
of OI. Fractures often occur in utero, and bones are under-
mineralized at birth. Distal metaphyseal cystic structures
disrupt the growth plates. Short stature is inevitable and
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recombination resulting in duplication.3 A large multiexon
deletion in the COL1A2 gene has been defined. Splice-site
mutations in both the COL1A1 and COL1A2 genes lead to
the skipping of exons coding for triple helical domains.3

Deletions of single Gly-X-Y triplets have also been
observed.3 Mutations in the carboxy-terminal propeptide
of proα1(I) interfere with proα1(I) and proα2(I) chain
assembly. These include substitutions, frameshifts, and
small in-frame deletions.3

The pathogenesis of type II OI involves the synthesis of
aberrant proα1(I) or proα2(I) chains. These chains either
are incorporated into trimeric molecules, ultimately result-
ing in reduced thermal stability, or, alternatively, interfere
with trimer assembly. In most instances autosomal domi-
nant inheritance is observed. Some cases of mosaicism
have been defined. One compound heterozygote has been
observed. One perinatal lethal case proved to be a 
homozygote.3

OI Type III Phenotype Mutations

Type III OI is associated with dominantly inherited muta-
tions in the COL1A1 gene, including those causing glycine
substitutions and splice-site mutations,3 as well as muta-
tions in the COL1A2 gene causing glycine substitutions,
single glycine deletions, and splice-site mutations.3 Rare
cases of OI type III are associated with an autosomal reces-
sive pattern of inheritance in consanguineous families.3 In
one family, the proband inherited two copies of the same 4
base pair deletion in the COL1A2 gene, which results in a
frame shift that ultimately inhibits the incorporation of the
proα2(I) chains into procollagen.3 In a second family, two
siblings were homozygous for a specific glycine-to-serine
substitution in the triple helix; the heterozygous parents
displayed a mild OI phenotype including generalized
osteopenia.3

OI Type IV Phenotype Mutations

Type IV OI inheritance is autosomal dominant and associ-
ated with specific point mutations in both the COL1A1 and
COL1A2 genes, resulting in glycine substitutions. Muta-
tions leading to the skipping of specific COL1A1 and

COL1A2 exons have been defined. Certain in-frame
COL1A2 gene insertions and deletions also occur.3

Clinical Utility of Testing

Molecular testing has proved very useful for prenatal diag-
nosis of OI. Analysis can be completed within 2 to 3 weeks
of receipt of cultured amniocytes or chorionic villus sam-
pling (CVS). If a submitted sample is derived from a family
with a predetermined mutation, the turnaround time is
compressed to a few days. Molecular testing is indicated in
cases where protein-based testing is equivocal. Certain
mutations may not affect the quantity or quality of colla-
gen synthesized by fibroblasts or CVS specimens, or may
do so at levels not detectable by relatively insensitive
protein gel electrophoresis methods. Molecular testing 
also does not require establishing fibroblast cultures,
significantly reducing turnaround times. Molecular testing
is used to predict the risk of OI recurrence with subsequent
pregnancies. The possibility of very rare germline mosai-
cism must be kept in mind when families are counseled.
Testing may be indicated for the evaluation of relatives at
risk for disease. Increasingly, testing is used to predict clin-
ical severity.

Genomic DNA testing for OI has proved beneficial in
cases where questions of abuse arise. Mutations have been
defined in children who have been removed from parents
due to suspected abuse. Alternatively, failure to define a
mutation is useful for child welfare and potential prosecu-
tion. Results must be interpreted with caution and with
attention to assay sensitivity.

Available Assays

Commercial molecular testing for OI is available in the
United States and Europe. The two US laboratories 
offering molecular testing essentially utilize identical ap-
proaches for genomic analysis. Oligonucleotide primer sets
are used to generate a series of polymerase chain reaction
(PCR) products corresponding to all exons and exon-
intron boundaries of both the COL1A1 and COL1A2 genes.
The PCR products (approximately 100 amplicons) are then
analyzed for the presence of heteroduplexes by conforma-

Table 16-1. Osteogenesis Imperfecta

Type Genes Observed Mutations Available Tests

I Mild COL1A1 Mutations resulting in null alleles, splice-site COL1A1 null allele analysis; heteroduplex 
mutations, and glycine substitutions analysis with DNA sequencing

COL1A2 (rare) Splice-site mutations and glycine substitutions Heteroduplex analysis with DNA sequencing
II Perinatal COL1A1 Glycine and other substitutions, splice-site mutations COL1A1 and COL1A2 heteroduplex

Lethal COL1A2 with exon skipping, small in-frame insertions or analysis with DNA sequencing
deletions, and frame shifts

III Progressive COL1A1 Glycine substitutions, splice-site mutations, and rare COL1A1 and COL1A2 heteroduplex
Deforming COL1A2 out-of-frame deletions analysis with DNA sequencing

IV Mild COL1A1 Glycine substitutions, splice-site mutations resulting COL1A1 and COL1A2 heteroduplex
Deforming COL1A2 in insertions and deletions, and exon skipping analysis with DNA sequencing
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tion sensitive gel electrophoresis (CSGE) in a screen-
ing test. PCR products displaying heteroduplexes are
sequenced.4 The major advantages of this testing approach
are that results are generated in a timely fashion (procol-
lagen analysis is not required), and many specimen types
are adequate as a source of DNA for testing. The major dis-
advantage is that this approach will not directly detect 
large deletions or the complete deletion of an allele. Careful
analysis of the sequencing results will indicate a lack of
polymorphic markers, which should be an indication that
further analysis is required.

In some instances, genomic analysis may be preceded by
procollagen synthetic studies. These protein studies may be
used to establish a diagnosis or, alternatively, may be uti-
lized to determine the methodology followed for mutation
detection.

A European laboratory offering testing performs
COL1A1 null allele analysis on fibroblasts displaying either
decreased type I procollagen synthesis or a normal type I
procollagen synthetic profile on sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis (SDS-PAGE).
Null allele analysis consists of determining the heterozy-
gosity of the two COL1A1 alleles. If heterozygosity is
evident, expression of both alleles is assessed by sequence
analysis of complementary DNA (cDNA) reverse tran-
scribed from COL1A1 mRNA. If a COL1A1 null allele is sug-
gested, genomic screening is performed. Cases lacking a
COL1A1 null allele and all cases displaying structurally
abnormal type I procollagen on SDS-PAGE are subjected to
COL1A1 and COL1A2 cDNA mutation screening either by
single-strand conformation polymorphism (SSCP) gels or
by CSGE.4 Suspicious products are then sequenced. While
this is a comprehensive approach, a biopsy is required, as
well as procollagen studies using fibroblast cultures. Con-
sequently, the turnaround time is in the range of 6 to 12
months.

Interpretation of Test Results

Sequencing results are compared to previously defined
mutations and polymorphisms. New findings require clin-
ical correlation and possibly analysis of family members of
the proband. The CSGE screening method is quite sensitive
for most types of mutations. However, it is insensitive to
large deletions since PCR products may not be generated,
and it occasionally does not detect certain other mutations.
In cases with a strong clinical history and negative screen-
ing by CSGE, complete genomic sequencing may be indi-
cated.

Laboratory Issues

Individual laboratories are responsible for quality control
since the number of laboratories testing for OI is limited.
The US laboratories performing OI testing are accredited

by the College of American Pathologists (CAP). Internal
proficiency testing programs have been approved by the
CAP.

EPIDERMOLYSIS BULLOSA

Molecular Basis of Disease

Epidermolysis bullosa (EB) is a clinically and genetically
heterogeneous group of mechanobullous disorders.
Defects in at least ten genes are known to cause the clini-
cal syndrome (Table 16-2).5,6 EB is characterized by blis-
tering of the skin and certain other tissues following mild
trauma. Severity ranges from mild blistering to severe bulla
formation with resultant erosions, scarring, and ultimately
mutilation. Patients may exhibit nail, hair, and dental
abnormalities, as well as corneal erosions, pyloric atresia,
esophageal strictures, and neuromuscular features.5–7

EB classification is based on the precise level of blister
formation in the dermal-epidermal junction and has been
divided into three general categories: EB simplex, junc-
tional EB, and dystrophic EB. Molecular characterization
has more recently led to a proposed fourth group, the
hemidesmosomal variants.6

EB Simplex

In EB simplex (EBS), blistering is intraepidermal and
occurs as a consequence of the degeneration of the basal
epidermal cells. Blistering decreases with age. Blisters heal
without scarring and the prognosis is favorable. Several
clinical subtypes are currently recognized. Several sub-
types are caused by mutations in the KRT5 and KRT14
genes coding for keratins 5 and 14, respectively.5,6 Inheri-
tance is usually autosomal dominant, although some
keratin 14 null allele mutations display recessive inheri-
tance.5 Mutations in different portions of the genes are cor-
related with different subtypes of EBS.5

EBS Associated with Muscular Dystrophy

EBS associated with muscular dystrophy is inherited in an
autosomal recessive manner.5,6 Cases associated with
homozygous mutations are often consanguineous. Others
represent compound heterozygotes.6 In EBS with muscular
dystrophy, mutations occur in the PLEC1 gene encoding
plectin, a cytoskeleton-associated protein with intermedi-
ate filament, β4 integrin, and actin-binding domains.5,6 In
skin, plectin mediates the attachment of keratins to the
hemidesmosome. In muscle, plectin also functions to
bridge intermediate filaments and actin filaments. Plectin
deficiencies in the skin lead to defective anchorage of the
cytoskeleton to the plasma membrane. In muscle, disor-
ganized structural filaments result in diminished mechan-
ical resistance of muscle cells.5 In most instances, small
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insertions, deletions, or nonsense mutations result in pre-
mature chain termination codons and protein truncation.6

Junctional EB

Junctional EB (JEB) is composed of a series of clinically
distinct subtypes. In JEB, defective structural molecules of
the hemidesmosomal anchoring filament complex lead to
detachment of basal keratinocytes from the lamina densa.
The result is epidermal dysadhesion and blister formation
within the lamina lucida.6 Extreme clinical variability
exists and ranges from a lethal subtype, JEB Herlitz, to a
milder variant, JEB progressiva. Mutations in six genes
have been identified, and all are inherited in an autosomal
recessive manner. Many patients are compound heterozy-
gotes. The involved genes are LAMA3, LAMB3, and LAMC2
encoding the three chains of laminin 5, COL17A1 encoding
collagen XVII, and ITG6A and ITGB4 encoding the integrin
α6 chain and the integrin β4 chain, respectively.5,6 With the
exception of LAMB3, most mutations are private and dis-
tributed throughout the entire length of the genes.

Laminin 5 Defects

The heterotrimer laminin 5 is composed of the α3, β3, and
γ2 chains, encoded by the genes LAMA3, LAMB3, and
LAMC2, respectively. Laminin 5 links the hemidesmosomal

protein α6β4 integrin and collagen VII, an anchoring fibril
component. Laminin 5 also is cross-linked to other base-
ment membrane networks. Homozygous or compound
heterozygous mutations in any of the individual genes
encoding laminin 5 chains can lead to nonsense-mediated
mRNA decay that is manifested as null alleles. Absence of
any single chain results in the failure of assembly and
secretion of laminin 5. Patients with JEB Herlitz, the most
severe form of JEB, lack laminin 5.5,8 However, some
patients lacking laminin 5 present with mild to moderate
JEB.5 LAMB3 gene defects account for 80% of all laminin
gene mutations in JEB. Two common LAMB3 nonsense
mutations, R42X and R635X, account for 50% of laminin 5
mutations. Missense mutations in one or both alleles of
the individual laminin genes are associated with mild JEB 
phenotypes.5–7

α6β4 Integrin Gene Defects

JEB with pyloric atresia is associated with a marked reduc-
tion or absence of α6β4 integrin, a molecule normally
expressed in skin and the gastrointestinal tract. This inte-
grin binds to other hemidesmosomal components includ-
ing collagen type XVII and laminin 5. Most lethal cases are
due to nonsense mutations in the ITGA6 or ITGB4 genes.
Missense mutations in the ITGB4 gene are associated with
mild to lethal phenotypes.5,6

Table 16-2. Epidermolysis Bullosa

Subtype Affected Genes Mutations Affected Molecules Available Tests

EB Simplex

EBS generalisata KRT5/KRT14 M/rare SS Keratin5/14 Direct sequencing of PCR 
EBS localisata KRT5/KRT14 Keratin5/14 products
EBS herpetiformis KRT5/KRT14 Keratin5/14
EBS with “mottled pigmentation” KRT5/KRT14 Keratin5/14
EBS with muscular dystrophy PLEC1 N/I/D Plectin Protein truncation and heteroduplex 
EBS Ogna PLEC1 N/I/D Plectin analysis by DHPLC with sequencing

Junctional EB

JEB Herlitz LAMA3/LAMB3/LAMC2 N Laminin 5 Heteroduplex analysis of PCR 
LEB localisata COL17A1 M Collagen XVII products and DNA sequencing
JEB with pyloric atresia ITGA6 N Integrin α6 chain

ITGB4 N/M Integrin β4 chain
Generalized atrophic benign EB COL17A1 N Collagen XVII

LAMB3 M Lamin 5

Dystrophic EB

DEB generalisata COL7A1 D/F/I/M/N/ Type VII collagen Heteroduplex analysis of PCR 
DEB localisata COL7A1 SS Type VII collagen products and DNA sequencing
DEB generalisata mutilans COL7A1 Type VII collagen
DEB generalisata nonmutilans COL7A1 Type VII collagen
DEB localisata COL7A1 Type VII collagen
DEB inversa COL7A1 Type VII collagen
Transient bullous dermolysis of COL7A1 Type VII collagen

the newborn

D, deletion; F, frameshift; I, insertion; M, missense; N, nonsense; SS, splice site.
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COL17A1 Gene Defects

Defects in the COL17A1 gene underlie generalized atrophic
EB. This mild variant of JEB is characterized by lifelong
skin blistering, nail dystrophy, enamel hypoplasia, and
alopecia localized to the eyelids. Collagen XVII is a trans-
membrane protein playing a role in anchoring the basal
keratinocytes to the underlying basement membrane. Most
COL17A1 mutations resulting in generalized atrophic EB
result in nonsense-mediated mRNA decay. Some missense
mutations have been identified. Most patients are com-
pound heterozygotes. Some have both nonsense and mis-
sense mutations.5,6

Dystrophic (Severely Blistering) EB

In dystrophic EB (DEB), dermal blistering occurs beneath
the basement membrane with the potential for scarring.
DEB is subdivided into at least seven discrete subtypes
(Table 16-2). Extracutaneous manifestations may include
the absence or dystrophy of the nails, contractures, oral,
corneal, and conjunctival blistering, mucosal involvement
of the pharynx, larynx, and esophagus, dystrophy of the
teeth, and mutilation. Inheritance may be autosomal reces-
sive or autosomal dominant and is subtype dependent.5,6

COL7A1 gene defects underlie all variants. Collagen VII, a
homotrimer, is the major structural component of anchor-
ing fibrils. Collagen VII has a triple helical domain inter-
rupted by a “hinge” region, and a large noncollagenous
domain composed of submodules with homology to
specific known proteins. The anchoring fibrils form net-
works with other collagen types and provide stability to the
lower portion of the dermal basement membrane.5

DEB Autosomal Dominant Mutations

Missense mutations resulting in triple helical domain glycine
substitutions or leading to substitutions in the conserved
submodules are often manifested in a dominant negative
manner. Deletions of portions of the triple helical domain
also are dominantly inherited. Phenotypes are variable.5,6

DEB Recessive Mutations

Recessively inherited forms of DEB are due to premature
translation termination codons and result from point
mutations or from frameshifts due to insertions or dele-
tions. Homozygous or compound heterozygous nonsense
mutations result in a severe phenotype.5,6

Clinical Utility of Testing

Results of testing are useful for genetic counseling and to
estimate risk of recurrence in subsequent pregnancies.
For example, some cases of DEB previously considered 

sporadic are due to recessive mutations, and the tests
demonstrate either homozygous or compound heterozy-
gous mutations.

Prenatal testing is available for all forms of EB and may
be performed as early as 10 weeks for CVS and 12 weeks
for amniotic fluid. In isolated instances, preimplantation
genetic testing has been accomplished for previously
defined parental mutations.8 Test results have been utilized
to predict clinical severity, phenotype, and prognosis, and
have contributed toward developing an evolving molecu-
larly based classification system for EB.7

Available Assays

Molecular testing is available for all of the mentioned EB
subtypes in a single laboratory.

EBS: KRT5 and KRT14 Genes

PCR products derived from the KRT5 and KRT14 genes 
are directly sequenced (Ellen Pfendner, personal 
communication).

EBS Associated with Muscular Dystrophy:
PLEC1 Gene

The PLEC1 gene is assessed for mutations by a protein
truncation assay. Genomic DNA is used to generate PCR
products from two large exons constituting about 75% of
the coding sequence of PLEC1. The sequences are amplified
using a forward primer containing a phage promoter, the
codon for the first methionine, and sequences homologous
to PLEC1. Reverse primers contain an in-frame stop 
codon. The PCR products are utilized in a transcription-
translation system with radiolabeled methionine.
Radiolabeled peptides are analyzed on polyacrylamide
gels. Truncated products reflect nonsense mutations and
are verified by direct sequencing of the corresponding PCR
product. Most PLEC1 mutations cause stop codons in exon
32.6 If a mutation is not defined, heteroduplex analysis is
utilized to scan PCR products generated from the remain-
ing exons6 (Ellen Pfendner, personal communication).

JEB: LAMA3, LAMB3 and LAMC2 Genes; JEB with
Pyloric Atresia: ITGA6 and ITGB4 Genes;
Generalized Atrophic EB: COL17A1 Gene; and
DEB: COL7A1 Gene

The LAMA3, LAMB3, LAMC2, ITGA6, ITGB4, COL17A1,
and COL7A1 genes are analyzed in a similar manner.
PCR products generated from exons are analyzed by 
denaturing high-performance liquid chromatography
(DHPLC). Those exons displaying anomalous elution
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profiles are directly sequenced6 (Ellen Pfendner, personal
communication).

Interpretation of Test Results

DHPLC is a sensitive screening technique for hetero-
duplex analysis. The protein-truncation test method 
utilized for a portion of the PLEC1 gene analysis is less 
sensitive compared to DHPLC but has proven useful 
in defining mutations. The PCR-based tests have a high
specificity since oligonucleotide primers used for
amplification generate unique products with appropriate
sequences.

Laboratory Issues

No in vitro diagnostic test kits are commercially available.
All described testing is performed in a large university-
based laboratory that is accredited by the CAP. An internal
proficiency testing program has been approved by the 
CAP.

EHLERS-DANLOS SYNDROME

The Ehlers-Danlos syndrome (EDS) is a connective tissue
disorder that is divided into numerous subtypes with dis-
tinct genetic and clinical findings (Table 16-3). In general,
EDS is characterized by joint hypermobility, skin hyper-
extensibility and tissue fragility. The inheritance pattern 
is type specific. In most instances, mutations are in 
collagen genes or in genes coding for molecules involved
with the processing or posttranslational modification of
collagens.9

EDS TYPE I AND EDS TYPE II (CLASSIC TYPES)

Molecular Basis of Disease

The classic types of EDS are considered EDS type I and
EDS type II. These types constitute about 90% of the cases
and differ only in the degree of organ system involvement.9

EDS type I is characterized by marked skin involvement
with generalized joint hypermobility and musculoskeletal
deformities. Hypotonia, delayed motor development, easy
bruisability, and prematurity may occur. Tissue fragility
and extensibility may be manifested by hiatal hernia,
bowel rupture, aortic aneurysm rupture, or postoperative
hernia.9 EDS type II shares manifestations with EDS type
I, but the phenotypic presentation is less severe and
patients may remain undiagnosed or be diagnosed later in
life. The skin is less involved and joint laxity may be
confined to the hands and feet.9

EDS types I and II are associated with defects in several
genes. The majority of cases are due to mutations in either
the COL5A1 or COL5A2 gene.9 Most mutations cause dom-
inant negative effects. In some instances, classic EDS
appears to be due to haploinsufficiency.9,10 In one family, a
more severely affected member was determined to be
compound heterozygous for COL5A1 gene mutations.9 The
TNXA gene also has been implicated in classic EDS with 
an autosomal recessive inheritance pattern.9,11 This gene
encodes tenascin-X, a collagen-fibril-associated protein of
undetermined function. In a few isolated cases, mutations
in both the COL1A1 and COL1A2 genes have been associ-
ated with the classic EDS phenotype.9

Clinical Utility of Testing

Molecular COL5A1 and COL5A2 gene testing is used to
confirm the diagnosis of classic EDS and characterize
mutations. Testing is indicated for first-degree relatives of

Table 16-3. The Ehlers-Danlos Syndrome

Type Genes Affected Molecules Available Tests

EDS I and II: Classic types COL5A1, COL5A2 Type V collagen Null allele screening; heteroduplex 
analysis with DNA sequencing

COL1A1, COL1A2 Type I collagen Not offered
TNXA Tenascin X Not offered

EDS III: Hypermobile type ? COL5A3, ?COL3A1 ? Type V collagen Not offered
? Type III collagen Not offered

EDS IV: Vascular type COL3A1 Type III collagen Null allele screening; heteroduplex 
analysis with DNA sequencing

EDS VIA: Kyphoscoliotic type PLOD1 Lysyl hydroxylase Sequencing of cDNA
EDS VIB: Kyphoscoliotic type Unknown Unknown Not offered
EDS VIIA: Arthrochalasic type COL1A1 Type I collagen Procollagen studies
EDS VIIB: Arthrochalasic type COL1A2 Type I collagen Procollagen studies
EDS VIIC: Dermatosparactic type Procollagen N-proteinase gene Procollagen N-proteinase Procollagen studies
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individuals with EDS, since considerable phenotypic het-
erogeneity exists. Molecular testing has revealed com-
pound heterozygosity in a more severely affected member
of one family displaying a classic EDS phenotype. Test
results are useful for genetic counseling. Prenatal mutation
testing of the COL5A1 and COL5A2 genes has not been
reported9 but could be accomplished in an approach iden-
tical to that described for OI.

Classic EDS infrequently is associated with defects in the
COL1A1 or COL1A2 genes. Testing of these genes may be
indicated following negative findings on COL5A1 and
COL5A2 analysis. Prenatal testing for COL1A1 and COL1A2
gene defects could be accomplished in an approach identi-
cal to that described for OI.

Diagnostic confirmation of EDS type I or II may benefit
the patient in several ways. Physiotherapeutic programs
may be initiated in children with hypotonia and delayed
motor development. Patients may also be counseled to
avoid activities inducing heavy joint strain. As in most
types of EDS, wounds should be closed without tension and
deep stitches should be applied and left in place for twice
the normal length of time.

Available Assays

Research-based COL5A1 and COL5A2 gene testing is 
available. The initial step is screening both genes for null
alleles. Genomic DNA is first analyzed for the presence of
polymorphic markers. Extracted mRNA is then used to
generate cDNA that is sequenced to determine whether
both alleles are expressed.11 Approximately 20% to 25% of
classic EDS patients will have a null allele (Peter Byers,
personal communication). If a null allele is not evident,
COL5A1 or COL5A2 genes are analyzed in a manner similar
to that described for the COL1A1 and COL1A2 genes under
OI (Peter Byers, personal communication).

COL1A1 and COL1A2 gene defects in classic EDS are
rare. Molecular testing is not routinely offered but could 
be performed in an approach identical to that outlined for
OI above. Molecular testing for the TNXA gene is not 
clinically available.

EDS TYPE III (HYPERMOBILITY TYPE)

Molecular Basis of Disease

Patients with EDS type III have generalized joint hyper-
mobility. They suffer frequent dislocations, effusions,
and precocious arthritis. They may have variably hyper-
extensible or smooth, velvety skin. Tissue fragility is not a
characteristic, but mitral valve prolapse is prevalent. Inher-
itance is autosomal dominant and the candidate gene in at
least some cases is COL5A3.9 Another candidate gene is the
COL3A1 gene.9 Molecular testing is not available.

EDS TYPE IV (VASCULAR TYPE)

Molecular Basis of Disease

Patients with EDS type IV have the worst prognosis of all
subtypes.9 Arterial complications include spontaneous
hemorrhages, aneurysms, dissections, and arteriovenous
fistulas. Inguinal hernia is common. Rupture of the colon,
gravid uterus, and other organs occurs.9,12,13 Complications
of pregnancy also include an incompetent cervix, a pro-
lapsed uterus, and fragility of the membranes. The skin is
thin, translucent, and fragile, but not hyperelastic. Marked
bruising and delayed wound healing is seen. Slight hyper-
mobility of the joints of the hand and feet as well as 
congenital hip dislocation can occur. Additional findings 
may include keratoconus, talipes equinovarus, gingival
recession, thrombophlebitis, venous varicosities, keloid
formation, tendon or muscle rupture, and (hemato-) pneu-
mothorax.9 Patients have a characteristic facial appearance
with large eyes, a thin nose and thin lips. Complications are
rare before puberty but increase with age.9,12,13 Survival is
foreshortened, with a median age at death of 48 years.12,13

EDS type IV is caused by defects in the COL3A1 gene.9,12

The COL3A1 gene encodes proα1(III) collagen chains.
These chains combine and are processed to form trimeric
type III collagen molecules with a large, central, triple
helical domain similar to type I collagen. Type III collagen
is found in the dermis, blood vessel walls, and connective
tissue scaffold of organs.

Inheritance of EDS type IV is autosomal dominant,
although a few instances of mosaicism have been docu-
mented.13 Approximately 50% of the cases represent de
novo mutations and 50% are inherited.13 The majority of
the reported COL3A1 gene mutations are private.9,12 Several
types of mutations have been documented, including
glycine substitutions, mutations leading to single exon
skipping, and large in-frame deletions or intronic inclu-
sions.9,12,14 These mutations are manifested in a dominant
negative manner. Some splice-site acceptor mutations may
result in null alleles by the introduction of premature
chain-termination codons and subsequent mRNA-
mediated decay.14,15 Direct introduction of a stop codon 
due to a point mutation also has been observed.9,13

Clinical Utility of Testing

Due to the severity and progressive nature of EDS type IV,
mutational analysis is indicated. Genetic testing is useful
for confirmation of the diagnosis, genetic counseling, and
prenatal diagnosis. Diagnosis confirmation is important so
that patients can, if possible, avoid elective or invasive sur-
gical procedures and other high-risk activities. Vascular
manipulations are particularly problematic. In some
instances, prophylactic measures are used, such as total
colectomy following bowel rupture. Pregnant women with
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EDS type IV should be followed in a high-risk clinic.9,13

Testing of asymptomatic children in an EDS type IV family
may eliminate concern if the child does not carry the
family-specific mutations or alternatively lead to increased
surveillance if testing is positive. Mutational analysis is also
used to facilitate genotype-phenotype correlations.

Available Assays

Clinical molecular testing is available for EDS type IV.
Genetic analysis is preceded by procollagen synthetic
studies utilizing cultured dermal fibroblasts. A series of
overlapping, type III collagen cDNA products are gener-
ated from mRNA from those cultures displaying decreased
procollagen synthesis or aberrant procollagen. The cDNA
products are then sequenced.12 For those cases with a high
index of suspicion for EDS type IV, but with negative
protein studies, COL3A1 null allele analysis is performed.
The approach is similar to that described for the COL5A1
and COL5A2 genes (see above under EDS types I and II).15

Additional analysis includes sequencing the region of the
gene coding for the C-propeptides, since this region is crit-
ical for procollagen chain association.

EDS TYPE VI (KYPHOSCOLIOTIC TYPE)

Molecular Basis of Disease

EDS type VI is divided into two subtypes. Most cases are
classified as EDS VIA and are due to a deficiency of the lysyl
hydroxylase (LH) enzyme. Those cases displaying normal
LH activity are designated as EDS VIB.9 The genetic defect
underlying EDS VIB is unknown.

Newborns with EDS type VI usually present with severe
hypotonia and kyphoscoliosis at birth. The kyphoscoliosis
is progressive and results from both ligamentous laxity and
muscular hypotonia.9 Patients may have generalized joint
laxity and scleral fragility. Rupture of the globe of the eye
or retinal detachment may occur. Additional findings may
include tissue fragility, easy bruising, arterial rupture,
microcornea, and a marfanoid habitus.9,13 Inheritance is
autosomal recessive and a history of affected siblings is a
diagnostic criterion.9

Lysyl hydroxylase 1 (procollagen-lysine, 2-oxyoglutarate
5-dioxygenase) is encoded by the PLOD1 gene. This
enzyme catalyzes the hydroxylation of lysyl residues in
Gly-X-Lys sequences in procollagen molecules. Hydrox-
ylysines and lysines are substrates in a series of extracellu-
lar reactions ultimately resulting in the formation of
intermolecular collagen cross-links. These cross-links are
essential for collagen stability. Hydroxylysines also serve as
attachment sites for mono- and disaccharides.9

Confirmed PLOD1 gene mutations include those leading
to amino-acid substitutions, exon skipping, premature ter-
mination codons (deletions and insertions resulting in
frameshifts and directly introduced nonsense codons),

and a common 7-exon duplication.9,16,17 This duplication,
involving exons 10 through 16 of PLOD1, is due to Alu-Alu
repeat-mediated recombination in introns 9 and 16. The
duplication is present in at least 20% of the EDS type VI
cases.9,17

Clinical Utility of Testing

PLOD1 gene analysis is useful for confirmation of the diag-
nosis of EDS type VI. Results of genetic testing may be used
to define the risk of recurrence from obligate heterozygous
parents of an affected child.9 Since severe muscular hypo-
tonia at birth is a major diagnostic criterion for EDS type
VI, PLOD1 gene analysis may be indicated when EDS is
considered in the differential diagnosis of neonatal hypo-
tonia. Confirmation of diagnosis is important so that
routine ophthalmic examinations to screen for retinal
detachment and echocardiograms for aortic root enlarge-
ment may be initiated. Prenatal diagnosis is available.17

Available Assays

Molecular testing for EDS VIA is available only on a
research basis. The approach initially involves the
quantification of PLOD1 mRNA by northern blot analysis.
If sufficient mRNA is available, a full-length cDNA tran-
script is generated by reverse transcription (RT)-PCR. The
cDNA is directly sequenced. Mutations are verified by
sequencing genomic DNA. If a null allele is suspected, the
testing proceeds directly to sequencing of genomic DNA,
without the intervening cDNA steps.17 Alternatives to DNA
analysis exist.9

EDS TYPE VIIA AND EDS TYPE VIIB
(ARTHROCHALASIC TYPE)

Molecular Basis of Disease

Arthrochalasic type EDS is characterized by severe, gener-
alized joint hypermobility with recurrent subluxations, and
congenital hip dislocation. Muscular hypotonia is evident
at birth. Short stature due to kyphoscoliosis can occur.
Patients also may be affected by osteopenia and bone frac-
tures similar to mild OI.9

The inheritance pattern for arthrochalasic type EDS is
autosomal dominant. Some sporadic mutations are
recorded. The underlying defects are mutations leading to
the deletion of exon 6 in either the COL1A1 (EDS VIIA) or
COL1A2 (EDS VIIB) genes.9,18 Exon 6 in both genes encodes
the procollagen N-propeptide cleavage site and a lysine
residue involved in collagen cross-linking. Mutations
resulting in the skipping of exon 6, or direct genomic dele-
tions in either gene, result in aberrant procollagen pro-
cessing. The results are increased solubility of mutant
procollagen and decreased collagen deposition in tissues.9
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Clinical Utility of Testing

A procollagen protein test is available to confirm the diag-
nosis. Prenatal diagnosis is not available.

Available Assays

Molecular testing is not currently offered for arthrochala-
sic type EDS. Heteroduplex analysis as applied to the
COL1A1 and COL1A2 genes in OI could be used to define
exon 6 splice-site point mutations.Analysis of procollagens
synthesized in the absence and presence of dextran sulfate,
an agent promoting the activity of procollagen N-
proteinase, is available.

EDS TYPE VIIC (DERMATOSPARACTIC TYPE)

Molecular Basis of Disease

The rare dermatosparactic type EDS is due to deficiency of
procollagen N-proteinase, which is responsible for cleaving
the amino-propeptides of procollagen types I and II.
Procollagens containing the retained amino-propeptides
accumulate, interfere with fibrillogenesis, and cannot 
form inter- and intramolecular cross-links through a 
critical lysyl residue.9 Patients have lax, extremely fragile,
redundant skin that heals with minimal scarring. Micro-
gnathia and joint laxity are prominent. The sclera may 
be blue and fingers and limbs short. Premature rupture 
of the fetal membranes often occurs. Inheritance is 
autosomal recessive. Most patients have homozygous
mutations.9

Clinical Utility of Testing

Procollagen testing is useful to confirm the diagnosis and
for genetic counseling.

Available Assays

Molecular testing currently is not available. A procollagen
protein analysis identical to that offered for EDS types VIIA
and VIIB is available.18

ACHONDROGENESIS

Strictly speaking, achondrogenesis (ACG) refers to lethal
chondrodysplasias presenting with a short trunk and very
short extremities. Various classification schemes have
identified subgroups of clinically distinct patients. Clini-
cally recognized subtypes currently include types 1A, 1B,
and 2.19,20

ACHONDROGENESIS TYPE 1B

Molecular Basis of Disease

Achondrogenesis type1B (ACG1B) lies at the severe end of
a spectrum of disorders, all caused by defects in the dias-
trophic dysplasia sulfate transporter (DTDST) gene.20,21

Death occurs before or shortly after birth. Affected fetuses
are short, have a normal- or near-normal-sized head, with
a flat face, narrow thorax, and protuberant abdomen. The
limbs are severely shortened. Fingers and toes are short
and stubby and the feet are rotated inward. The neck is also
short and the infant appears hydropic. Cartilage is brown
tinted, translucent, and friable. Histological studies reveal
reduced extracellular matrix, coarse collagen fibers, and
disorganized growth plates. Biochemical analysis reveals
markedly decreased sulfate content of the proteoglycans.
Undersulfated proteoglycans result from defects in the
DTDST protein. The DTDST protein is a transmembrane
protein involved in cellular sulfate uptake and functions as
an anion exchanger in fibroblasts and chondrocytes.20

ATELOSTEOGENESIS TYPE 2

Atelosteogenesis type 2 (AO2) is a second, usually lethal
chondrodysplasia, due to defects in the DTDST gene.21,22,23

The phenotype is intermediate between ACG1B and 
the less-severe forms of chondrodysplasias due to 
defects in the DTDST gene.20,21 Inheritance is autosomal
recessive.

Numerous mutations have been defined in the DTDST
gene. Certain mutations are associated with the lethal
ACG1B or AO2 phenotypes, and some are seen with less
severe phenotypes.20,21 Mutations include short deletions
causing frameshifts resulting in the downstream genera-
tion of stop codons, point mutations leading directly to
stop codons, and short in-frame deletions leading to loss
of an amino acid. Point mutations resulting in substitutions
in the transmembrane domains are also associated with
ACG1B.20,21 Both homozygous and compound heterozy-
gous patients have been identified.

Clinical Utility of Testing

Mutation analysis is useful for prenatal diagnosis and may
aid in discrimination between the less severe chondrodys-
plasias caused by other DTDST gene defects. Carrier detec-
tion may be indicated in relatives of those with confirmed
mutations. Genotype and phenotype correlations exist and
potentially can be used to predict outcomes of various
mutation combinations in families. The test can be used to
confirm the diagnosis and may be used to discriminate
between ACG1B and ACG2.
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Available Assays

Exons and exon-intron boundaries of the DTDST gene are
amplified with ten sets of PCR primers to generate a series
of overlapping products. The discrete PCR fragments then
are analyzed by SSCP. PCR products with an abnormal
SSCP pattern are sequenced in both directions. If the
screening test fails to reveal any suspicious products in a
patient with a strong clinical history, the entire set of PCR
products is sequenced.21

Interpretation of Test Results

The sensitivity of SSCP is reported as 80% to 90%. Overall
test sensitivity, including DNA sequencing, exceeds 90% for
identification of both mutant alleles.21 In those instances
where no mutations or only a single mutation is found, the
mutation may occur in a 3′ or 5′ region of the gene not
covered by the analytic approach.

Laboratory Issues

Molecular testing of the DTDST gene is available in one
European laboratory. No in vitro diagnostic test kits are
commercially available.

ACHONDROGENESIS TYPE 2

Molecular Basis of Disease

Achondrogenesis type 2 (ACG2) also is known as the
Langer-Saldino type.19 ACG2 and hypochondrogenesis 
represent the severe end of a spectrum of disorders with
defects in a common gene. In ACG2 and hypochondrogen-
esis, the mutated gene directly encodes a defective form of
the cartilage matrix protein, type II collagen.19 Type II col-
lagen is the major fibrillar collagen in cartilaginous tissues.
ACG2 is more severe than hypochondrogenesis, but both
may be associated with hydrops fetalis. Affected infants
often are premature, stillborn, or die shortly following
birth. They have large heads with soft cranial bones and flat
faces. The neck, ribs, and long bones are short. The long
bones are also broad, with cup-shaped metaphyses. The
iliac wings are hypoplastic, and vertebral bodies are vari-
ably ossified. The ribs are often fractured.19 The quantity of
type II collagen present is case dependent. Biochemical
studies indicate overmodification of type II collagen. This
finding is consistent with the synthesis of abnormal type II
collagen molecules.19

Essentially all cases of ACG2 and hypochondrogenesis
arise as de novo mutations in the COL2A1 gene; however, the
possibility of germline mosaicism exists.19 Mutations cause
a dominant negative effect. Substitutions of the invariant

glycines in Gly-X-Y repeat sequences are found scattered
throughout the length of the triple helical domain.19

In addition to ACG2 and hypochondrogenesis, specific
COL2A1 gene mutations have been defined in spondyloepi-
physeal dysplasia congenital, spondyloepiphyseal dysplasia
Strudwick or spondyloepimetaphyseal dysplasia, spondy-
loepiphyseal dysplasia late onset, Kniest dysplasia, and
certain cases of Stickler and Marshall syndromes. These dis-
orders are distinguished by the phenotypic presentation and
to some extent by defined mutations.19

Clinical Utility of Testing

Prenatal testing has been utilized to confirm the diagnosis
in suspected ACG2 and hypochondrogenesis cases. Testing
may discriminate between suspected ACG2 and hypochon-
drogenesis due to defects in the COL2A1 gene, and ACG1B
and AO2 due to defects in the DTDST gene. More im-
portantly, the test may discriminate between ACG2 and
hypochondrogenesis, and other, less-severe chondrodys-
plasias in prenatal cases. Testing also may confirm the diag-
nosis of ACG2 and hypochondrogenesis in an infant dying
shortly after birth. Finally, molecular testing may be useful
in the analysis of a parent suspected of being a mosaic.

Available Assays

COL2A1 gene mutation analysis is available in the United
States and Europe. Testing is based on the generation of
PCR products corresponding to all exons including the
exon-intron boundaries22 (Paul Couche, personal commu-
nication). The generated PCR products are screened for
heteroduplexes by DHPLC or CSGE. Heteroduplexes are
sequenced for mutation confirmation. The loss of poly-
morphisms in the COL2A1 gene region is suggestive of
complete or partial gene deletion. Genomic DNA isolated
from specimens displaying loss of polymorphic markers
may be evaluated for deletions by Southern blot analysis.
Alternatively, mRNA studies may be conducted.

Interpretation of Test Results

Mutation detection is dependent on PCR product het-
eroduplex formation and ultimately recognizing an under-
lying DNA sequence variation. Technologies dependent on
heteroduplex formation for mutation detection with other
genes have sensitivities exceeding 90%.22

Laboratory Issues

Commercial testing for COL2A1 gene mutation detection
is available from at least two large academic laboratories,
one located in Europe and one located in the United States.
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The US laboratory is accredited by the CAP. An internal
proficiency testing program has been approved by the CAP.

MARFAN SYNDROME

Molecular Basis of Disease

Marfan syndrome is a serious disorder of connective tissue
with an autosomal dominant inheritance pattern and an
incidence estimated at 1 in 5,000 to 10,000.22,23 Organ sys-
tems involved may include the skin, eyes, skeleton, lung,
fascia, adipose tissue, central nervous system, and cardio-
vascular system. Life expectancy is considerably foreshort-
ened. Diagnosis is dependent on the presence of a series of
major or minor criteria and may include molecular test
results.24 Marfan syndrome patients are long-limbed, thin
individuals with arachnodactyly and elongated heads, and
often with pectus deformities (excavatum or cariatum).
Positive wrist (Walker-Murdoch sign) and thumb (Stein-
berg sign) signs reflect long fingers and lax joints. Pes
planus is a common finding. Abnormal spinal curvature is
frequent. Ectopia lentis is a major diagnostic criterion, and
additional ocular findings exist. Patients are at increased
risk for spontaneous pneumothorax. Mitral valve prolapse
and severe regurgitation can lead to congestive heart
failure and pulmonary hypertension. The mitral annulus
may be calcified. Patients are subject to ventricular and
supraventricular dysarrhythmia, and cardiac electrical 
disturbances may result in death. Aortic root dilation 
and the potential for dissecting aneurysm also represent 
life-threatening cardiovascular-system manifestations.
Although aortic dilation may begin in utero, the dilation
rate is variable and may not be apparent in childhood.23

Marfan syndrome is due to defects in fibrillin-1 (Table
16-4).22,23,25–28 Fibrillin-1 is a cysteine-rich protein that
assembles into microfibrils. Microfibrils are important
constituents of elastic fibers. Perturbed elastogenesis is a
direct consequence of defective fibrillin-1.23 Some addi-
tional, nonstructural functions have been suggested for
fibrillin-1.23

The FBN1 gene encodes fibrillin-1. Fibrillin-1 is 
composed of several types of repeated motifs. These
repeats include epidermal growth factor-like domains,
calcium-binding epidermal growth factor-like (cbEGF-
like) domains, latent transforming growth factor β-binding

proteins (LTBP-1), also known as eight cys domains, and
two hybrid motifs.23,26 A proline-rich region is predicted to
form a polyproline II helix.23 Polyproline regions are
hypothesized to function in intermolecular interactions.
The EGF-like and cbEGF-like domains contain highly con-
served amino acids, including six cysteine residues that
form intradomain disulfide bonds.23,26

FBN1 mutations characterized in patients with Marfan
syndrome include those leading to substitutions, in-frame
or out-of-frame insertions and deletions, duplications, the
introduction of stop codons, and the skipping of individ-
ual or multiple exons.27,28 Mutations affecting the EGF-like
and particularly the cbEGF-like motifs are common.27

Overlap Syndromes

FBN1 mutations have been defined in disorders sharing 
but not meeting the diagnostic criteria of Marfan syn-
drome.23,25 Findings in the autosomal dominant form of
ectopia lentis may be restricted to lens dislocation or may
include skeletal or cardiovascular abnormalities. Familial
aortic dissection or isolated aortic aneurysm and associ-
ated aortic dissection are inherited in an autosomal 
dominant manner and present with aortic aneurysm,
dissection, or both. Some families have deformity of the
thoracic cage.23

Clinical Utility of Testing

A disease causing FBN1 mutation fulfills a major diagnos-
tic criterion for Marfan syndrome diagnosis; hence, testing
is indicated in suspected cases. Since Marfan syndrome is
clinically heterogeneous and can display considerable
intrafamily variability, testing can identify additional
family members at risk. Mutation confirmation is impor-
tant for initiation of a surveillance program consisting of
periodic echocardiography. This is particularly important
for children since they may not exhibit aortic root dilation.
Prenatal diagnosis for previously defined mutations is
available. Results of testing also are useful for genetic coun-
seling. DNA testing is contributing to the rapid expansion
of the international FBN1 mutational database, which is
contributing to a better understanding of the disease and
to improving genotype-phenotype correlations.

Table 16-4. Achondrogenesis/Hypochondrogenesis and Marfan Syndrome

Type Genes Affected Molecules Available Tests

Achondrogenesis 1A (ACG1A) Unknown Unknown Not offered
Achondrogenesis 1B (ACG1B) DTDST Diastrophic sulfate transporter SSCP analysis and sequencing of DTDST-derived PCR 

products
Atelosteogenesis 2 (AO2) and COL2A1 Type II collagen Heteroduplex analysis and sequencing of COL2A1-

hypochondrodrogensis derived PCR products
Marfan syndrome FBN1 Fibrillin-1 Heteroduplex analysis and sequencing of FBN1-derived

PCR products
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Available Assays

Genetic testing is available for Marfan syndrome in a few
laboratories. An mRNA-based approach involves genera-
tion of FBN1 cDNA. The cDNA is sequenced for mutation
detection. Potential mutations are verified in genomic DNA
using FBN1 oligonucleotide primer sets. An alternative
method uses genomic DNA to generate PCR products cor-
responding to all individual exons, including the exon-
intron boundaries. The PCR products are analyzed for
heteroduplex formation either by DHPLC or CSGE. Alter-
natively, PCR products can be analyzed for a migration
shift by temperature gradient gel electrophoresis (TGGE).
PCR products displaying heteroduplex formation or
altered mobility are sequenced.22,27,28 Both the genomic
DNA and mRNA methods have advantages and disadvan-
tages. The genomic DNA CSGE method has a sensitivity of
greater than 90% when tested against patients with a
confirmed clinical history of Marfan syndrome. The
genomic DNA method will not detect large or complete
allelic deletions. The mRNA method has the advantage of
detecting large deletions but will fail to detect any muta-
tions leading to unstable mRNA. This is a significant
problem since null alleles are observed with stop codon
mutations in certain genes and result from mRNA-
mediated decay. The approaches should be viewed as com-
plementary with awareness of the advantages and 
disadvantages of both.

Interpretation of Test Results

The sensitivity of the CSGE genomic DNA test method
exceeds 90% for point mutations in patients with a
confirmed diagnosis of Marfan syndrome.22 The reported
sensitivity of the TGGE test method is 51%.28 Adoption of
DHPLC by the laboratory utilizing the TGGE approach 
may increase sensitivity (Peter Robinson, personal 
communication).

Laboratory Issues

The US laboratory performing the genomic DNA testing
method is accredited by the CAP. An internal proficiency
testing program has been accepted by the CAP.
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(e.g., BRCA1 and BRCA2 [hereditary breast-ovarian cancer
(HBOC) syndrome], TP53 [Li-Fraumeni syndrome], PTEN
[Cowden syndrome], LKB1[Peutz-Jeghers syndrome]) or
low-penetrance genes with high prevalence (possibly
CHEK2,5 ATM,6 and the TGFBR1*6A allele7). The latter cat-
egory may have small effects in individuals, but large
aggregate effects in populations because they are common.

Using data from the Anglian Breast Cancer Study,
Pharoah et al.8 found that the best-fitting genetic model
hypothesized that susceptibility to breast cancer is due to
several loci, each conferring a modest independent risk.
Assuming that all the susceptibility genes could be
identified, they showed that the half of the population at
highest risk would account for 88% of all affected individ-
uals. Clinical testing for one or a few low-penetrance genes
at a time would be unsatisfying in many respects. Muta-
tions are found in many individuals but convey small 
risks, and gene-gene and gene-environment interactions
are unknown, limiting clinical utility. Ultimately, whole
genome screening might be used in combination with
knowledge about such interactions to achieve higher pre-
dictive power and allow for efficient breast cancer risk
stratification.

BRCA1 and BRCA2

Newman et al. published the first study providing quanti-
tative evidence for an autosomal dominant breast cancer
susceptibility allele, accounting for an estimated 4% of
breast cancer families and conveying an 82% lifetime risk
of breast cancer.9 Following the report by Hall et al. of
linkage to chromosome 17q21 for early-onset hereditary
breast cancer,10 BRCA1 was isolated using a positional
cloning strategy in 1994.11 Subsequently, BRCA2, a second
breast-ovarian cancer susceptibility gene, was localized to
chromosome 13q12-q13 and cloned.12,13 GenBank, the
National Institutes of Health genetic sequence database,
lists entries for BRCA1 and BRCA2 as U14680 and U43746,
respectively (http://www.ncbi.nlm.nih.gov/Genbank/).
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Molecular Basis of Disease

Breast Cancer

Breast cancer is the most common cancer among women in
Western countries, with about 180,000 new cases and 40,000
deaths occurring annually in the United States. Epidemio-
logic factors consistently associated with breast cancer risk
include a family history of breast cancer, breast biopsy fea-
tures, and hormonal risk factors such as age at menarche,
parity, and age at first live birth. After female gender and
age, family history of breast cancer is the most significant
risk factor. In a meta-analysis of family history of breast
cancer as a risk factor, the relative risk ranged from 1.5 for
a second-degree relative to 3.6 for a mother and sister with
breast cancer.1 Relative risks are significantly influenced by
the degree of relationship of affected relatives and their age
of breast cancer onset, with closer degrees of relationship
and younger age of onset conveying higher risks. An analy-
sis of family history as a risk factor using data from the
Swedish Family-Cancer Database showed a population-
attributable fraction of about 11%.2

Breast cancer is a complex disease, resulting from an
incompletely characterized interplay of genetic and envi-
ronmental factors. In the majority of cases, the level of
genetic analysis currently available cannot be used to 
stratify risk. However about 5% to 10% of breast cancer 
is hereditary, that is, due to the transmission of highly 
penetrant mutations in breast cancer–predisposing genes.
Within hereditary breast cancer families, mutation status
is the overriding risk factor, and genetic analysis can be
used to clarify risk and guide medical management in a
highly effective way. Genetic risk assessment consists of
evaluating the pattern of cancers in the family, judging
which of the known hereditary breast cancer syndromes
fits the pattern, and pursuing genetic analysis.3

A specific genetic syndrome can be elucidated in about
half of hereditary breast cancer families. Additional genes
remain to be described.4 Risk-conferring alleles are con-
ceptualized as high-penetrance genes with low prevalence
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Elucidation of the functions of BRCA1 and BRCA2 has
lagged behind the technical capability of carrier detection,
delineation of the clinical syndrome, and demonstration of
the efficacy of medical management strategies. The mani-
fold functions of BRCA1 and BRCA2 are incompletely
characterized. BRCA1 and BRCA2 encode very large 
proteins with 1863 and 3418 amino acids, respectively;
each bears little homology to other known proteins or to
each other. BRCA1 appears to play a role in numerous 
cellular functions including transcriptional regulation and
influence of estrogen receptor activity, chromatin remod-
eling, DNA damage repair (homologous recombination
and repair of transcription-coupled oxidation-induced
DNA damage), centrosome duplication, cell growth, apop-
tosis, and cell cycle checkpoint control.14 BRCA1 contains
an N-terminal RING domain that interacts with BARD1.
Two BRCA1 C-terminal (BRCT) domains are present,
which are found in proteins involved in DNA repair and
control of the cell cycle. BRCA2 contains eight highly con-
served BRC repeats of 30 to 40 residues in exon 11, which
bind to RAD51, a key recombinational repair protein. After
exposure of cells to DNA damage, BRCA1 relocalizes from
nuclear foci to sites of DNA synthesis and becomes hyper-
phosphorylated. BARD1, BRCA2, and RAD51 all relocalize
with BRCA1.15

Available Assays

Overview of Mutation Types

The BRCA1 locus spans 100 kilobases (kb), encompasses 22
coding exons, and encodes an open reading frame of 5.5 kb
(of 24 exons, exons 1 and 4 are noncoding). BRCA2 has 26
coding exons and an open reading frame of 10 kb. While
the size of these genes presents an enormous challenge to
mutational analysis, the problem is compounded by the
distribution of mutations throughout the coding regions
and introns.16 Interpretation of results is further compli-
cated by the occurrence of numerous polymorphisms 
of uncertain significance. All types of mutations have 
been found, including truncating mutations, frameshift
mutations, and missense mutations. Furthermore, loss 
of gene function also occurs through large duplications,
deletions, and rearrangements, including promoter 
deletions. Because the complete genetic characterization of
BRCA1 and BRCA2 is an ongoing process, the technique(s)
selected for mutation detection must be comprehensive in
order to provide an accurate clinical result. In general,
both genes must be assayed because the BRCA1 and BRCA2
clinical syndromes cannot be readily distinguished in 
individual families.

BRCA1 and BRCA2 mutations and polymorphisms are
catalogued in the Breast Cancer Information Core (BIC),
an open-access online database hosted by the National
Human Genome Research Institute (http://research.nhgri.
nih.gov/bic/). At the time of this writing, the BIC database

contained 6672 entries for BRCA1, with 1236 distinct muta-
tions, polymorphisms, and variants, 709 of which had been
reported only once. For BRCA2, BIC contains 5624 entries,
including 1380 distinct mutations, polymorphisms, and
variants, 871 of which had been reported only once.Among
7461 consecutive full-sequence analyses of BRCA1 and
BRCA2 performed at a commercial reference laboratory,
689 (61%) of the mutations identified occurred in BRCA1
and 440 (39%) in BRCA2. Of the 424 different mutations
detected, 256 (60%) were frameshifts, 106 (25%) were non-
sense, 9 (2.1%) were missense, and 53 (12.5%) occurred in
the analyzed regions of introns.16 Genomic rearrangements
are discussed below. The technical and financial 
limitations imposed by the complexity of genetic analysis
impacts the availability of clinical genetic testing and the
ability to perform genetic epidemiologic studies.

Functional and Phenotypic Screening

Given the multifunctional nature of BRCA1 and BRCA2, the
development of functional assays amenable to clinical
testing is not readily anticipated. An immunoassay based
on diminished anticarboxy vs antiamino immunoreactiv-
ity to BRCA1 and BRCA2 mutations has been applied to
buccal cells17 and ovarian cancers.18 This assay would be
useful for screening truncating mutations, which comprise
the majority of mutations, but has not been further 
characterized.

There is no simple pathologic correlate of the presence
of BRCA1 or BRCA2 mutations in breast tumors (akin to
microsatellite instability for colorectal cancer and mis-
match repair gene deficiency) to serve as an effective
screen. An immunohistochemical tumor phenotype 
(typically negative for estrogen receptor, progesterone
receptor, and HER2 and positive for TP53) and distinctive
morphology (high mitotic count, lymphocytic infiltrate,
smooth noninfiltrative pushing borders, and an excess of
medullary and atypical medullary types) have been dis-
cerned for breast cancers with BRCA1 mutations.19

However, these features are neither sufficiently sensitive
nor specific to reliably predict germline mutation status.

Initial reports on expression profiling in breast tumors
have found expression patterns indicative of BRCA1 loss of
function.20,21 If these results can be replicated and if they
are widely applicable to a variety of mutation types, then
an expression-profiling-based screen for breast tumors
could be developed.

Sequence Analysis, Gene Scanning Techniques,
and Linkage Analysis

A comparison of analytical methods for BRCA1 and
BRCA2 is presented in Table 17–1. Direct sequence analy-
sis is considered the gold standard test. The BIC Web site
provides extensive information on methodologies includ-
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ing a genomic primer database (intronic sequence data-
bases), group-specific primer sequences from different lab-
oratories, and a test method protocol database. Due to the
high complexity of testing for gene mutations in BRCA1
and BRCA2, a highly automated approach to analysis is
worthwhile, consisting of sample tracking, robotic assay
implementation, and data analysis (described in greater
detail below; see Quality Control and Laboratory Issues).
Sample DNA is amplified by polymerase chain reaction
(PCR); then the PCR products are directly sequenced in
forward and reverse directions using M13 forward and
reverse tagged primer pairs, generating 36,000 nucleotides
of sequence information per patient.22 Thus, analysis of the
BRCA1 and BRCA2 genes and management of the multi-
tudinous data generated is a challenging and expensive
feat.

Gene-scanning technologies hold appeal as an alterna-
tive to sequencing, particularly for large-scale epidemio-
logical studies, because sequence analysis of wild-type
exons is avoided. Gene-scanning techniques that have been
applied to BRCA1 and BRCA2 analysis include single-

strand conformational polymorphism analysis (SSCP),
conformational sensitive gel electrophoresis (CSGE),23

two-dimensional gene scanning (TDGS),24 and denaturing
high-performance liquid chromatography (DHPLC).25

A number of other mutation-detection techniques have
been used or proposed as applicable to BRCA1 and BRCA2
gene analysis. A technique called DOVAM-S, an acronym
for “detection of virtually all mutations-SSCP,”26 is a varia-
tion of SSCP that scans multiple exons in a single lane
under several different nondenaturing electrophoresis
conditions, resulting in improved sensitivity (e.g., for
analysis of the factor IX and ATM genes). Another
approach, multiplex ligation-dependent probe amplifica-
tion (MLPA)27 with diploid-to-haploid conversion, has
been applied to analysis of the MSH2 and MLH1 genes,
resulting in detection of rearrangements not amenable to
detection by standard sequencing. Deletions of sizes that
fall between the detection limits of sequence analysis and
Southern blot analysis are a possible target area for newer
methodologies. For example, a method to identify unusual
haplotypes that may represent small intragenic deletions

Table 17-1. A Comparison of Analytical Methods for BRCA1 and BRCA2

Sensitivity

Frameshift, Variants of 
Nonsense, and Missense Large Deletions, Uncertain
Mutations; Analyzed Duplications, and Significance
Regions of Introns Rearrangements Specificity Cost Labor Detected

Direct nucleotide >98% No 99% Expensive; ~$3000 Intensive Yes
sequence analysis

SSCP 65% No <95%? Low (excluding Moderate Yes
sequence
confirmation)

CSGE 60% No <95%? Low (excluding Moderate Yes
sequence
confirmation)

TDGS 91% No Lower than other Low (excluding Moderate Yes
mutation-scanning sequence
techniques confirmation)

DHPLC >99% No >95% Low (excluding Moderate Yes
sequence
confirmation)
but high
equipment costs

DOVAM-S High but unknown for No Unknown Moderate Moderate Yes
BRCA1/2

PTT <<80% No Unknown Moderate Moderate No
Southern blot, exon 13 No Unknown; ~3–12% Unknown Expensive if Intensive No

duplication, comprehensive
fluorescence DNA
microarray, color
bar coding

MLPA No High but unknown Unknown Moderate Moderate No
for BRCA1/2

Linkage analysis Theoretically up to 100% but limited to Dependent on Expensive High No
suitable families family LOD score

Ashkenazi Jewish 78–96% in Ashkenazi No >99% Low; ~$450 Low No
founder mutation Jews
analysis
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has been described.28 Due to the high proportion of
truncating mutations, protein truncation testing also is a
viable way to screen for mutations29–31 but is relatively
insensitive.

The accuracy of gene-scanning techniques was evaluated
in a blinded comparison by Eng et al.31 They compared the
sensitivity, specificity, and cost of SSCP, CSGE, TDGS, and
DHPLC for detecting 58 distinct mutations in BRCA1
among 50 samples.An additional 15 samples were included
that had no mutations detected by sequence analysis. Exons
2 to 24 had been previously analyzed at a commercial ref-
erence laboratory. Mutation types included protein trun-
cating and missense mutations as well as intronic sequence
alterations occurring within 20 bp proximal or 10 bp distal
to the ends of the exons. Sensitivity was evaluated by 
the ability to detect an abnormality initially and also to
confirm the mutation by sequence analysis and report the
result correctly. DHPLC was the only method that correctly
identified each of the 58 mutations. A prior study also had
reported a sensitivity of 100% for DHPLC.32 The sensitivi-
ties of the other methods in the Eng et al. study were as
follows: SSCP 65%, CSGE 60%, and TDGS 91%. Further
aspects of this study are discussed in the section “Quality
Control and Laboratory Issues.”

The sensitivity of testing in the clinical setting reflects
several factors, beyond the sensitivity of the specific labo-
ratory techniques, which require clarification. Given par-
ticular constellations of family history, there is a certain
expectation or probability that a germline mutation in
BRCA1 or BRCA2 is causative.33 Failure to identify a muta-
tion can arise due to several reasons. First, the syndrome is
not due to BRCA1 or BRCA2 mutations but due to another
known syndrome for which genetic testing could be
offered. Second, the syndrome is not due to BRCA1 or
BRCA2 mutations but due to mutations in an undiscovered
gene or genes.34 Third, the wrong person in the family was
tested; other family members have HBOC syndrome.
Fourth, the family does not have hereditary breast cancer.
And finally, there is a BRCA1 or BRCA2 mutation that
cannot be identified using current methodologies. Cancer
genetic consultation helps to distinguish these possibilities
and to guide genetic testing strategies.3 We focus here on
the last problem of false-negative results and the use of
alternative test methods to identify mutations that are not
detectable by sequence analysis.

A study of 237 families collected by the Breast Cancer
Linkage Consortium (BCLC), each with at least four cases
of breast cancer diagnosed by age 60 years or male breast
cancer at any age, provided insight into the genetic epi-
demiology of BRCA1 and BRCA2 and the sensitivity of
mutation detection methods.35 Disease was linked to
BRCA1 in 52% of families and to BRCA2 in 32% of fami-
lies. Families with female breast cancer only (no ovarian
cancer or male breast cancer) showed the highest rate of
nonlinkage (67%); that is, the breast cancers in these fam-
ilies were attributable to other genes. This study used esti-

mated odds of linkage and found an overall sensitivity 
of genetic testing methods (reflecting several different
methods) of 63% (95% confidence interval 51–77%).

In a study that assessed the clinical validity of a com-
puter program called BRCAPRO, the sensitivity of genetic
testing was much higher.36 BRCAPRO implements a statis-
tical model for calculating the probability that an individ-
ual carries a BRCA1 or BRCA2 mutation (or neither). Age
of breast and ovarian cancer onset in the proband and
affected relatives and the age of cancer-free unaffected rel-
atives are important components. The model incorporates
published penetrance and prevalence estimates, autosomal
dominant inheritance, and Bayesian updating. Genetic
testing for subjects in this study was performed at several
different laboratories but involved either complete DNA
sequencing, or analysis limited to the three common
Ashkenazi Jewish mutations in those subjects of Ashkenazi
Jewish ancestry. The estimated sensitivity of genetic testing
in this study was at least 85%. This was interpreted to
reflect a trade-off between estimated sensitivity and the
estimated prevalence of other susceptibility genes; if
genetic testing has perfect sensitivity, then negative
sequencing results are attributable to other genes.

These two studies highlight the continued utility of
linkage analysis for families with high pretest probabilities
and unidentifiable mutations. Intragenic markers are avail-
able35 and linkage studies are as reliable as direct gene
testing for those families that are suitable for analysis. For
some families with breast cancer linked to BRCA1 and
BRCA2, current analysis cannot yet close the gap.

Genomic Rearrangements

Several genomic rearrangements within BRCA1 and its
coding region have been described. Rearrangements
account for a significant proportion of mutations, and
many are population specific. The first deleterious genomic
rearrangement was reported by Puget et al.37 and involves
deletion of exon 17 due to Alu element recombination.
They subsequently reported four additional new dele-
tions,38 two of which involved Alu elements as well as a
recombination hotspot due to a BRCA1 pseudogene
upstream of BRCA1.39

The Puget group was the first to report a 6 kb duplication
of BRCA1 exon 13, which was evaluated in a multicenter
study involving collaborators from 19 countries.40 Based on
haplotype analysis, the BRCA1 exon 13 duplication is most
likely a founder mutation and is seen primarily in English-
speaking countries or in countries with ancestral links to
Britain. The mutation was observed among 10 of 1831
affected families from English-speaking countries.

Three BRCA1 genomic rearrangements in the Dutch
population represent founder mutations and account for as
much as 36% of BRCA1 mutations for families of Dutch
ancestry.41 The three deletions comprise exon 22, exon 13,



17. Inherited Breast Cancer 211

and exons 13–16. Analysis of these rearrangements for
families of Dutch ancestry therefore is indispensable.

Unger et al.42 systematically evaluated the frequency of
BRCA1 genomic rearrangements in a cohort of American
women seeking genetic testing for a family history of
breast and ovarian cancer whose results were negative for
BRCA1 coding-region mutations. Using Southern blot
analysis and exon 13 duplication screening, they found
germline genomic rearrangements in 11.9% (5/42) of fam-
ilies. These results confirm that a significant proportion of
BRCA1 mutations can be discerned by genomic techniques
but also provide evidence for the role of additional genes.
In this study, a higher prior probability was associated with
a higher likelihood of detecting a rearrangement, suggest-
ing that a high pretest probability (e.g., ≥30%) could be
used to guide further analysis for families with negative
genetic testing by sequence analysis.

BRCA1 and BRCA2 genetic testing performed by Myriad
Genetic Laboratories, Inc (Salt Lake City, UT), incorporates
an automated high-throughput multiplexed assay for five
recurrent mutations: deletions of exons 8–9, 13, 14–20, and
22, and the exon 13 duplication. In a study of 7570 patients,
1036 deleterious mutations were identified, including 31
(3.0%) with one of these rearrangements.43 The exon 13
duplication represented 83.9% of the rearrangement muta-
tions and 2.5% of the total mutations, making this the most
prevalent non-Ashkenazi mutation. European ancestry was
reported for more than 90% of the families with the exon
13 duplication.

Analysis of genomic rearrangements has been accom-
plished using additional sophisticated techniques. For
example, a fluorescence DNA microarray assay has been
developed for the detection of large gene rearrangements
spanning several kilobases of genomic DNA.44 In addition,
color bar coding has been used for analysis of BRCA1,45

which involves DNA combing, done by homogeneous
stretching of DNA molecules at a constant rate of 2 kb/µm.
Fluorescence in situ hybridization is performed on the
DNA using a probe that covers the entire BRCA1 gene, in
addition to long-range PCR products. The PCR products
cover variable lengths of exons, providing the bar code.

Founder Mutations

Genetic analysis of BRCA1 and BRCA2 may be simplified
in cases where founder mutations comprise a high propor-
tion of mutations within a particular ethnic group. Numer-
ous ethnic-specific mutations have been described across
the globe.46 About 2.5% of Ashkenazi Jews that are unse-
lected for a family history of cancer carry one of three
founder mutations: BRCA1 187delAG (also called
185delAG), BRCA1 5385insC (also called 5382insC), and
BRCA2 6174delT.47 Various methods have been described
that specifically target the founder mutations. About 78%
to 96% of Ashkenazi Jews with detectable mutations carry

one of the founder mutations; thus, further analysis is
required in high-risk families that do not carry one of the
founder mutations.16,48 These highly prevalent mutations
account for a large proportion of breast and ovarian cancer
in Ashkenazi Jews: about 20% of breast cancer diagnosed
by age 40, and 30% to 40% of ovarian cancer.

In Dutch populations, genomic rearrangements in
BRCA1 account for as much as 36% of mutations.41 In Ice-
landic populations, the BRCA2 999del5 founder mutation
is present in about 0.6% of the population.49 The Icelandic
founder mutation accounts for about 40% of male breast
cancer cases and most of the excess ovarian and prostate
cancer in breast cancer families. Additional founder muta-
tions have been reported in Norway,50 Sweden,51 Poland,52

and numerous other countries, as well as in African and
African American families.53

Interpretation

Truncating mutations comprise the largest proportion of
mutation types identifiable with sequencing.All truncating
mutations are associated with loss of gene function and
clinical expression of breast and ovarian cancer, with the
exception of those that prematurely terminate the protein
product of BRCA1 less than 10 amino acids from the C-
terminus or the protein product of BRCA2 less than 110
amino acids from the C-terminus. The major problems in
interpretation of the clinical significance of sequence vari-
ations apply to missense variants and intronic mutations,
chain-terminating mutations that truncate BRCA1 and
BRCA2 distal to amino acid positions 1853 and 3308,
respectively, and mutations that eliminate the normal stop
codons for these proteins.

Frank et al. described the largest study of BRCA1 and
BRCA2 genetic testing results and clinical characteristics,
for consecutive tests on 10,000 individuals.16 One or more
variants of uncertain clinical significance in the absence of
deleterious mutations were observed in 970 (13%) of the
7461 individuals sequenced in this study.16 Epidemiologi-
cal and biological criteria can be applied to distinguish
functional from benign variants with some success.54 For
example, the prevalence of each variant in a control popu-
lation, cosegregation of the variant with cancer within fam-
ilies, location of the variant within the gene, functional
assays, demonstration of abnormal mRNA transcript pro-
cessing, type of the amino acid substitution, and degree of
conservation among species55 provide clues as to whether
the mutation is deleterious.16 Variant BRCA test results
pose a commonly encountered and highly problematic
issue,56 which can possibly lead to the inappropriate use of
medical interventions such as prophylactic surgery;57 thus
having genetic counseling and competent test interpreta-
tion is paramount.

It should be pointed out that false-positive results (as
reflected by specificities <100%) pose the most potential
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harm since “positive” results are used to make decisions
about prophylactic breast and ovarian surgery, which are
irreversible decisions. False-negative results are far more
common but are dealt with by reverting to pedigree infor-
mation and maintaining a high level of suspicion where
indicated.

Clinical Significance

BRCA1 (Online Mendelian Inheritance in Man [OMIM;
database online] #113705) and BRCA2 (OMIM #600185)
mutations predispose female carriers to a high lifetime risk
of breast cancer (>80%) and ovarian cancer (40–65% for
BRCA1 carriers and 20% for BRCA2 carriers). The clinical
features and management of HBOC syndrome have been
reviewed.57 Average ages of breast and ovarian cancer onset
are generally younger for BRCA1 carriers than for BRCA2
carriers, but each can manifest as breast cancer in the 20s.
BRCA2 contains an ovarian cancer cluster region (OCCR)
in exon 11 defined by nucleotides 4075–6503 that appears
to convey higher ovarian cancer risks; this region 
includes the 6174delT Ashkenazi Jewish founder mutation.
Penetrance estimates have varied widely among 
studies, reflecting differences in populations and in 
study methods.58 Generally, lower penetrance estimates
have been seen in studies of the three Ashkenazi Jewish
founder mutations. However, in a study of Ashkenazi
Jewish probands selected on the basis of having incident
primary invasive breast cancer, King et al. found pene-
trance estimates (to age 80 years) similar to that described
in other groups: 82% for breast cancer for BRCA1 and
BRCA2 carriers, 54% for ovarian cancer for BRCA1 carri-
ers, and 23% for ovarian cancer for BRCA2 carriers.59

Male breast cancer is seen in excess in BRCA1 and
BRCA2 families, with about two thirds of positive cases
involving BRCA2 and one third involving BRCA1.16 Life-
time risk of breast cancer is about 6% for male BRCA2 car-
riers and is probably lower for male BRCA1 carriers.
BRCA2 carriers also are at excess risk for pancreatic cancer.

Many effective cancer risk-management strategies are
available for BRCA1 and BRCA2 carriers, as well as for fam-
ilies with a high clinical suspicion of genetic predisposi-
tion.60 The chief value of genetic testing is to confirm the
need for medical interventions, particularly those that are
irreversible such as prophylactic mastectomy and prophy-
lactic oophorectomy. As well, a true negative result (i.e., in
the setting of a known familial mutation) obviates the need
for aggressive surveillance and prevention measures, and
provides reassurance to the person tested as well as to their
offspring. Surveillance and management for HBOC syn-
drome is summarized by Lynch et al.57 and includes con-
sideration of chemoprevention of breast (e.g., tamoxifen)
and ovarian (e.g., oral contraceptives) cancers, MRI sur-
veillance for breast cancer under a research protocol, and
early breast cancer surveillance (age 25 years) in at-risk
female relatives.

Quality Control and Laboratory Issues

The study of Eng et al.31 highlights many of the quality
control issues facing laboratories performing analysis of
BRCA1 and BRCA2. For the laboratory performing the
SSCP technique, a false-positive result was reported that
occurred due to switching of samples; this also accounted
for one of the false-negative results. There appeared to be
variability in the ability to detect subtle changes by SSCP.
For the laboratory performing CSGE, false-negative results
were in part due to erroneous interpretation of CSGE
results, and in part due to failure to confirm abnormal gel
mobility results using sequence analysis. Clerical errors led
to three additional false-negative results. However, CSGE 
is readily applied to the analysis of known mutations at 
a low cost. A caveat regarding SSCP and CSGE is that these
test methods can systematically fail to identify single-
nucleotide substitutions and specific mutations such as the
common BRCA1 5385insC mutation.

Although TDGS is appealing as a particularly high-
throughput method, five mutations were missed due to
incorrect interpretation of the two-dimensional gel, and
two mutations were not successfully confirmed using
sequence analysis. In addition, three false-positive results
were reported, two of which might have been introduced
by the long-distance PCR method. The TDGS method is
prone to preferential amplification of the wild-type allele.
DHPLC, which showed the best performance among the
DNA scanning methods, may be further improved by 
the use of proofreading DNA polymerases to increase the
fidelity of the PCR.61

The high-throughput DNA platform developed by
Myriad Genetic Laboratories, Inc (Salt Lake City, UT),
addresses many of the quality control issues that surfaced
in the above study (personal communication, T. Scholl,
December 2002). The test requisition and blood specimen
are matched by a bar code that is scanned into a database.
Pre-PCR procedures are carried out in positive pressure
clean laboratories where genomic DNA is isolated from
mononuclear cells. Next, 82 test PCR inoculations are 
performed, in conjunction with two reactions that 
detect M13 priming sites to control for contamination by
amplified products. The PCR amplification products are
thermal cycle-sequenced and the sequencing reaction 
products analyzed on slab gels using high-throughput
sequencers (ABI 377). Data analysis also is automated,
and a proprietary data review application analyzes the
sequence for mutations and polymorphisms. Algorithms
are applied to the data to assess signal-to-noise ratios,
alignment scores, and signal intensities. A data reviewer
who reviews electropherograms from sense and antisense
DNA strands confirms sequence variants; antisense DNA
information is reverse color complemented to facilitate
review. Background subtraction of the composite wild-
type sequence also can be done. The involved amplicon
then is confirmed by repeat sequence analysis. The
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reported sensitivity of this platform is 98%, with a
specificity of 99%, for mutations detectable by sequence
analysis.

Conclusion

Mutation detection in the BRCA1 and BRCA2 genes is of
great clinical import but is extremely challenging from a
technical standpoint. The large variety of mutation types
mandates the use of multiple mutation detection methods
if a sensitivity approaching 100% is desired. Methods for
assessing pretest probability based on clinical presenta-
tion33 can be used to determine which cases merit the
highest degree of mutational analysis. Further improve-
ments in mutation detection methods are needed to clarify
the true sensitivity of testing versus the proportion of fam-
ilies with mutations in other hereditary breast cancer
genes. Clinical interpretation is beleaguered by the high
prevalence of genetic variants of uncertain significance.
Development of functional assays is highly desirable and
may help classify variants into benign or disease-causing
categories.
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morbidity or mortality for approximately 5% of patients.
Mesenteric and retroperitoneal desmoids often are not
amenable to surgical or medical therapy, although some
desmoid tumors have been successfully treated with antie-
strogen medications. Desmoid tumors and duodenal carci-
noma are the most common cause of death in FAP patients
following prophylactic colectomy. Osteomas are frequently
seen in the long bones, mandible, and skull. Dental abnor-
malities have been reported in approximately 17% of indi-
viduals with FAP and may involve unerupted teeth, absence
of teeth, or supernumerary teeth. CHRPE are flat pig-
mented lesions of the retina believed to be present at birth.
CHRPE is a benign condition that may be detected by fun-
doscopic examination.

Extracolonic malignancies may be present in individu-
als with FAP. Duodenum, periampullary area, stomach,
pancreas, papillary thyroid, liver, and brain carcinomas are
known to occur with greater frequency in FAP patients.
Adenocarcinomas of the bile ducts and adrenal glands 
also have been reported, but the risk of these cancers in
individuals with FAP remains low. Carcinomas of the 
small intestine, predominantly of the duodenum or peri-
ampullary area, are seen in 4% to 12% of FAP patients.
Gastric adenocarcinoma occurs in 0.5% of FAP patients.
Pancreatic and papillary thyroid carcinomas are present 
in approximately 2% of individuals with FAP. One in 150
children under the age of 5 years with a mutation for FAP
will develop hepatoblastoma.1 Tumors of the central
nervous system (most commonly medulloblastoma, as
seen in Turcot syndrome) occur in less than 1% of indi-
viduals with FAP. Individuals with FAP who also have an
osteoma, fibroma, or epidermoid cyst have, in the past,
been diagnosed with Gardner syndrome. However, since
the identification of APC germline mutations in both FAP
and Gardner syndrome, it is now recognized that FAP and
Gardner syndrome are the same entity with different clin-
ical presentations.

Attenuated FAP is characterized by an average of 30 to
100 cumulative colonic adenomas, although the number 
of adenomatous polyps varies greatly. Attenuated FAP
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FAMILIAL ADENOMATOUS POLYPOSIS

Familial adenomatous polyposis (FAP) is an autosomal
dominantly inherited disorder that predisposes affected
individuals to colon cancer through the early development
of hundreds to thousands of adenomatous polyps (Figure
18-1). Florid polyposis throughout the colon will develop
in 50% of affected individuals by age 16, and 95% will have
polyposis by age 35.1 If left untreated, colorectal cancer is
inevitable in those with FAP, with an average age at diag-
nosis of 39 years. The incidence of FAP is estimated to be
1 in 8,300 to 1 in 14,025 live births and represents less than
1% of all colon cancers.1 FAP is clinically diagnosed when
an individual has greater than 100 colorectal adenomatous
polyps.

Individuals affected with FAP may exhibit a host of
benign extracolonic maladies. Gastric lesions identified in
individuals with FAP are generally of two types: fundic
gland hamartomatous polyps (occur in approximately 50%
of cases) or adenomatous polyps (found in approximately
10%). The risk for gastric cancer from both types of polyps
is small. Adenomatous polyps of the duodenum are much
more common (approximately 90% of FAP patients). Ade-
nomatous polyps of the periampullary region occur in 50%
of cases, and may result in obstruction of the pancreatic
duct, leading to pancreatitis. Visualization of periampull-
ary polyps may be difficult due to their size, and so the use
of a side-viewing endoscope is recommended.

Benign extraintestinal manifestations of FAP include
cutaneous lesions (lipomas, fibromas, and sebaceous 
and epidermoid cysts), desmoid tumors, osteomas, den-
tal abnormalities, congenital hypertrophy of the reti-
nal pigment epithelium (CHRPE), and nasopharyngeal
angiofibromas.1 Desmoid tumors are identified in approx-
imately 10% of individuals with FAP and result from a pro-
liferation of myofibroblasts. The vast majority of desmoids
arise after surgery and are present in the small intes-
tine mesentery, retroperitoneum, and abdominal wall.
Desmoids are usually slow growing but may become large
enough to compress or obstruct organs, resulting in 
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patients also have germline mutations in the APC gene, but
the location of the mutations often differs from those of
classic FAP.2 Polyps tend to present at a later age and in a
more proximal location in individuals with attenuated FAP.
There may be considerable difficulty in distinguishing
attenuated FAP from hereditary nonpolyposis colorectal
cancer (HNPCC) syndromes based on clinical criteria
alone. Endoscopic surveillance may be more challenging in
individuals with attenuated FAP because the adenomas
tend to be more flat and plaquelike as opposed to poly-
poid.3 The identification of these lesions may require
stains, such as indigo carmine, during colonoscopy for ade-
quate visualization. Colon cancer risk remains high, but
with a 10 to 15 year later age of onset than observed in
classic FAP. Adenomas and carcinomas of the upper gas-
trointestinal tract also may be present.4 Attenuated FAP is
clinically diagnosed when an individual presents with
numerous colonic adenomatous polyps under the age of 60
years. Extracolonic features characteristic of FAP may aid
in the diagnosis but are not required.

Molecular Basis of Disease

The identification of the APC (adenomatous polyposis coli)
gene, responsible for FAP, was greatly facilitated by a
patient with polyposis and an interstitial deletion of 5q
visible by cytogenetic analysis. Subsequent linkage analy-
sis confirmed the localization of the FAP gene to 5q21.
Individuals affected with FAP contain one germline APC
mutation and acquire an additional somatic mutation of
the normal (wild-type) allele during their lifetime. Addi-
tional somatic mutations must occur before transforma-
tion occurs. Approximately one third of all FAP cases are
due to de novo mutations with no family history of poly-
posis or colorectal cancer.

The APC gene has several alternatively spliced forms.
When translation begins at the first methionine, a 2,843

amino acid protein results. The majority (75%) of the gene
is contained in a 6,579 base pair (bp) open reading frame
within exon 15. The APC protein functions in cell adhesion,
signal transduction, and transcriptional activation,2 and is
localized to the nucleus and membrane/cytoskeleton in
human epithelial cells. It binds to GSK3β, β-catenin, γ-
catenin, tubulin, and EB1. β-catenin functions in cell adhe-
sion by binding to E-cadherin. The cytoplasmic level of
β-catenin is suppressed by APC-mediated degradation, pre-
venting activation of oncogenes, such as MYC and cyclin D1
by a T cell transcription factor (Wingless-Wnt signal medi-
ator). Failure of the APC protein to maintain low levels of
β-catenin results in activation of these growth-promoting
genes. APC also accumulates at the kinetochore during
mitosis, contributes to kinetochore-microtubule attach-
ment, and may play a role in chromosome segregation.

An extensive number of FAP families have been exam-
ined for mutations in the APC gene. Most deleterious muta-
tions cause loss or disruption of the central β-catenin
binding region of the APC protein. Of the FAP families
studied, approximately 80% have been demonstrated to
contain intragenic mutations that result in the truncation
of the APC protein. Truncating mutations were the result
of nonsense mutations (33%), small insertions (6%), and
deletions (55%), largely in the first half of exon 15.5 Several
hundred mutations of the APC gene have been reported,
with the two most common mutations found in codons
1061 and 1309. Individuals with mutations in codon 1309
tend to exhibit a great number of colonic adenomas at an 
earlier age.

A missense mutation at codon 1307 (I1307K) of APC is
found in the Ashkenazi Jewish population. Individuals 
with the I1307K mutation have an estimated odds ratio of
1.85 or a 10% to 20% lifetime risk of developing colon
cancer. This mutation results in a lysine substitution of an
isoleucine and is believed to increase the risk of colorectal
cancer by creating a hypermutable site. Of Ashkenazi
Jewish families with a family history of colorectal cancer,
28% are estimated to have this variant. I1307K is found in
approximately 6% of the Ashkenazi Jewish population but
is extremely rare in the general population. This mutation
does not result in the polyposis phenotype. Colorectal
cancers associated with I1307K are identical to sporadic
colorectal tumors.

A second missense variant in the APC gene has been
described that may be associated with a predisposition to
colon cancer. A consensus has not been reached regarding
the role of the E1317Q mutation in colon cancer or adeno-
mas. At this time, clinical mutation testing specific for
E1317Q is not available.

Clinical Utility of Testing

Genetic testing is the standard of care for management of
individuals with FAP.1 Diagnostic testing establishes the
FAP genotype in the family and provides the opportunity

Figure 18-1. Adenomatous polyps present in the colon of an individual affected with
familial adenomatous polyposis. (Courtesy of Dr. Wayne B. Tuckson.)
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for conclusive genetic testing for at-risk asymptomatic
family members. Early detection of FAP and attenuated
FAP may allow for early intervention and prevention of col-
orectal cancer. The use of genetic testing for recognition of
presymptomatic family members improves their diagnosis
of FAP and circumvents costly colorectal cancer surveil-
lance in those who have not inherited the FAP-associated
mutation. Not only is genetic testing more cost effective
than repeated sigmoidoscopy screening for at-risk family
members, but life expectancy of individuals with FAP is
extended as well. Germline mutations in the Mut Y homo-
logue (MYH) gene also may be evaluated concurrently with
APC mutations due to the overlap of phenotypes (see Inter-
pretation of Test Results below).

Genetic testing is appropriate for presymptomatic at-
risk family members of an individual diagnosed with FAP,
and is ideally offered in adolescence, prior to the age when
colon screening by sigmoidoscopy or colonoscopy would
begin. Prenatal testing also is available for FAP. DNA
extracted from fetal cells obtained by amniocentesis or
chorionic villus sampling may be used for genetic testing.
Requests for prenatal diagnosis of adult-onset diseases
remain controversial, and provide a challenging situa-
tion that mandates careful and thoughtful genetic 
counseling.

APC mutations are less frequently identified in those
diagnosed with FAP without a family history than in those
individuals with a family history.6 Children of an affected
individual have a 50% chance of inheriting their parent’s
mutation and should be offered genetic testing at an
appropriate age. Those that test negative for an APC muta-
tion (within the context of a known mutation in the family)
remain at the general population risk for colorectal cancer
and may forego colorectal cancer screening until age 50.
Those testing positive will require heightened cancer sur-
veillance and prevention at an earlier age.

Genetic testing may be offered to individuals of Ashke-
nazi Jewish ancestry who have a personal or family history
of colon cancer or polyps, or those that have a heightened
concern for colon cancer. Genetic testing for I1307K in the
Ashkenazi Jewish population has been met with some 
controversy, as the value of the testing may be limited if
the management of individuals positive for the variant is
unchanged. A good proportion of the individuals with this
variant have a close relative affected with colon cancer or
personal risk factors that already increase the need for col-
orectal cancer screening regardless of whether the person
carries the I1307K variant.

Identification of the location of the mutation in the APC
gene may provide clinical insight into the management and
surveillance of FAP patients. FAP manifestations may be
associated with the location of the mutation within the
APC gene. Mutations associated with classic FAP are found
from codon 168 to codon 1600, in which the full range of
phenotypes may be seen. Truncating mutations between
codons 1403 and 1578 are associated with extracolonic
manifestations such as desmoid tumors and osteomas, but

not CHRPE.5,7 CHRPE-associated mutations are associated
with mutations between codons 463 and 1387. A particu-
larly severe form of FAP with several thousand colonic
polyps is associated with mutations between codons 1350
and 1464. Desmoid tumors are more frequently (61%)
associated with mutations between codons 1444 and 1580
than mutations prior to codon 1444.8

In attenuated FAP, mutations of the APC gene are gener-
ally identified in three distinct regions. The first region is
at the 5′ end of the APC gene and extends to codon 157 in
exon 4. The second region consists of an alternatively
spliced area of exon 9, and the third region begins at the
distal 3′ end of the APC gene beyond codon 1595 in exon
15.2 Attenuated FAP patients with mutations at the amino
terminus demonstrate the greatest variation in the number
of colorectal adenomas. In addition, a more severe pheno-
type of upper gastrointestinal lesions is seen in these indi-
viduals than in those with mutations in either exon 9 or the
3′ region of the APC gene. Mutations in the extreme 5′ end
of the APC gene may result in a nearly full-length func-
tional protein by the initiation of translation downstream
of the mutated site.9 These proteins appear to have the
ability to downregulate both β-catenin and Wnt signaling,
and to induce cell cycle arrest, suggesting that the amino
terminus may not be required for APC function. Although
genotype-phenotype correlations aid in predicting possi-
ble clinical manifestations, these correlations are not
certain.

Available Assays

Protein truncation assays (see chapter 2) of the APC gene
have been commonly used as a commercial test for muta-
tions in FAP families. This assay capitalizes on the fre-
quency of truncating mutations as a cause of classic FAP.
An advantage of this method is that a mutation resulting
in a truncated protein is almost certainly deleterious. One
drawback of this assay is that it is not reliable in detecting
APC mutations in the extreme 5′ or 3′ ends of the gene.
Missense variants and alterations outside the coding region
are not detected with this technique. Protein truncation
assays do not provide information regarding the specific
mutation responsible for FAP in the family, so direct
sequencing of the truncated region is necessary to identify
the specific mutation.

Linkage analysis is used to identify FAP carriers. Linkage
analysis requires the participation of affected and un-
affected family members, and provides a clinical testing
alternative for families that do not have APC mutations
identifiable by protein truncation or by direct DNA
sequencing. Linkage analysis is informative in 90% to 95%
of families who are able to submit the appropriate samples
for testing. However, not all families have a sufficient
number of members who are willing or able to participate
in genetic testing for linkage analysis to be informative.
Additionally, individuals with de novo mutations may not
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be aided by linkage analysis, unless their children become
affected. Linkage analysis also may prove problematic if the
markers used are not informative (i.e., are homozygous) in
the affected and unaffected family members.

Direct sequence analysis of the APC coding, flanking,
and intronic regions is available. This method has the
advantage of directly identifying the specific familial muta-
tion. Mutations may be detected by automated methods
utilizing gel or capillary electrophoresis. While DNA
sequencing is the most comprehensive genetic test, it may
miss mutations due to rearrangements or large insertions
or deletions, or that result in altered expression.
Sequencing also will reveal variants of uncertain clinical
significance, which go undetected when indirect methods
such as protein truncation and linkage analysis are used.
Denaturing high-performance liquid chromatography
(DHPLC), single-strand conformation polymorphism
(SSCP) and denaturing gradient gel electrophoresis
(DGGE) are mutation screening methods that may be used
in conjunction with sequencing for the detection of an APC
mutation.

To detect large rearrangements in the APC gene, a quan-
titative polymerase chain reaction (PCR) assay may be
used to amplify all exons of the APC gene. Genes that
exhibit rearrangements will differ in the quantity of
PCR product produced. Gene regions showing dif-
ferences in the quantity of amplified PCR products are 
subsequently confirmed by additional methods such as
long-range PCR with the use of intragenic single-
nucleotide polymorphic (SNP) marker analysis, or South-
ern blot analysis.

Genetic testing for the I1307K variant is available by
allele-specific oligonucleotide hybridization (ASOH) or by
sequencing.

Interpretation of Test Results

The sensitivity or accuracy of genetic tests varies by the
method used. Common genetic testing methods for APC
mutation detection include protein truncation, linkage
analysis, sequencing, and ASOH. Protein truncation 
assays will detect a mutation in approximately 80% of
FAP families. When used in combination with other 
mutation detection methods such as SSCP, the mutation
detection rate may improve to 90%. In linkage analysis,
the linkage of a specific haplotype with FAP in a family 
provides 95% to 99% accuracy in identifying carriers.
The sensitivity for DNA sequencing is reported to range
from 90% to 99%. The sensitivity of genetic analysis for the
I1307K variant of the APC gene by ASOH or sequencing
approaches 100%.

Unfortunately, not all individuals that meet the clinical
criteria for FAP have an identifiable mutation. In approxi-
mately 30% of affected families, an identifiable APC
mutation is not found. This may be the result of large
rearrangements of the APC gene, an upstream mutation

that reduces the expression of the gene, or perhaps 
other susceptibility loci such as MYH. Many individuals
with polyposis that test negative for mutations in APC
may have an autosomal recessive disorder caused by the
inheritance of mutations in the MYH gene.10 For those 
with multiple adenomas (15 to 100), about one third will 
have biallelic mutations in MYH. Due to the high inci-
dence of MYH mutations in individuals with polyposis,
MYH often is evaluated in conjunction with APC genetic
testing.

For classic FAP, DNA testing usually is suggested for 
children at 10 years of age or older, as colon surveillance 
is recommended to begin at 10 to 12 years of age.1 For 
individuals at risk for attenuated FAP, colon screening
should begin at 18 to 20 years of age and so genetic testing
should be offered at that time. There is some debate as 
to the adequacy of using flexible sigmoidoscopy or if
full colonoscopy is required for surveillance. Prophylactic
colectomy should be performed to prevent colon cancer
after adenomas are identified, but controversy remains
regarding the timing and extent of the procedure (ileorec-
tal anastomosis or ileoanal pouch anastomosis). If a rectal
segment remains after surgery, routine endoscopic screen-
ing is required on a biannual basis. The use of oral non-
steroidal antiinflammatory Cox-2 inhibitors to prevent or
eliminate polyps in the retained rectum has been reported
to be effective in the short term but has not been recom-
mended as a means of primary care.1

In addition to colorectal surveillance, patients need to be
examined for extracolonic manifestations throughout their
life at regular intervals, before and after surgery. Upper
endoscopic screenings of the stomach, duodenum, and
periampullary region is suggested every 6 months to 3
years. Cox-2 inhibitors have been reported to regress duo-
denal adenomas in some, but not all studies.1 Small bowel
x-ray is suggested every 1 to 3 years when duodenal ade-
nomas are detected or before colectomy. Annual examina-
tion of the thyroid is warranted and ultrasonography may
be considered. Children under the age of 5 years whose
parents are affected with FAP may benefit from screening
of serum alpha-fetoprotein levels and imaging of the liver
to detect hepatoblastoma. Detection of this rapidly
growing, often fatal tumor at an early stage provides the
best opportunity for cure. For families with FAP but
without an identified APC mutation, members must 
participate in intensive, long-term colorectal cancer 
surveillance.

Laboratory Issues

Genetic counseling is recommended before genetic testing
is ordered (chapter 3). Referral of individuals affected 
or at risk for FAP to a genetic counselor or heredit-
ary cancer center that routinely tests FAP patients is 
recommended.
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TURCOT SYNDROME

Molecular Basis of Disease
Turcot syndrome is a rare complex genetic disorder that
results in primary colonic neoplasms and concurrent
primary malignant tumors of the central nervous system.
This syndrome has been reported as a dominant and a
recessive disorder as homozygous and compound het-
erozygous mutations in APC, MLH1, MSH2, and PMS2 have
been described. MSH6 also may be involved, as one indi-
vidual with homozygous MSH6 mutations was reported
with Turcot syndrome.11

Turcot syndrome represents an intricate interplay
between the characteristics of the germline mutation and
additional somatic events in target tissues. Central nervous
system tumors associated with this syndrome are typically
either a medulloblastoma or a glioblastoma multiforme.
Turcot syndrome was at one time thought to be a separate
disease entity, but now it is known that two thirds of the
cases are associated with mutations in the APC gene, while
one third are associated with mutations in the mismatch
repair genes, MLH1, MSH2, MSH6, or PMS2.

Individuals with Turcot syndrome who present with a
medulloblastoma, astrocytoma, or ependymoma tend to
have a germline mutation in the APC gene.12 Polyposis and
extracolonic manifestations are often present. Approxi-
mately 80% of families with Turcot syndrome and polypo-
sis will have a detectable APC mutation. Polyposis may be
identified before or after the manifestation of the brain
tumor. The age of onset and type of brain tumor may differ
greatly even between affected family members. The medul-
loblastomas and colorectal cancers in these families do not
exhibit microsatellite instability.As is the case with FAP, the
APC mutations encode protein products that are truncated.
Analysis of individuals with FAP and brain tumors sug-
gests that mutations in codons 457 to 1309 of the APC gene
may account for the majority of cases.12,13 It is not under-
stood why some individuals will develop brain tumors and
others will not when the mutations in the APC gene are
similar. The lifetime relative risk for those affected with
FAP to develop medulloblastoma is estimated to be 92
times that of the general population, but the absolute life-
time risk remains below 1%.12

Individuals who present with glioblastomas and col-
orectal tumors likely have mismatch repair gene germline
mutations in MLH1, MSH2, or PMS2. Café au lait spots also
may be seen. Both the glioblastomas and colorectal tumors
may exhibit microsatellite instability that characterizes
HNPCC (see chapter 19). This phenomenon is characteris-
tic of an inability to repair interstrand mismatch errors
during DNA replication and often is associated with
defects in the mismatch repair genes. Microsatellite insta-
bility is more prevalent or present to a greater degree in
colorectal cancers than in central nervous system
cancers.12,14 Examination of repetitive sequences of coding
and 5′ upstream regions of several loci revealed frequent

alterations that increase in prevalence with the advance-
ment of colorectal cancer according to Dukes categories.15

The colorectal adenomas in patients with MLH1, MSH2, or
PMS2 mutations may not be clinically distinguishable from
those resulting from an APC mutation. Large numbers of
colorectal adenomas may be present, and these individuals
may not meet the clinical criteria for HNPCC.

The tumorigenic pathway leading to colorectal cancer
and glioblastomas in mismatch repair genes that are asso-
ciated Turcot syndrome has been shown to be somewhat
heterogeneous. Leung et al. reported that colorectal carci-
nomas frequently contained somatic frameshift mutations
of TGFBRII, while glioblastomas did not.14 Microsatellite
instability–high glioblastomas overexpress the TP53
protein, whereas colorectal carcinomas had normal TP53
levels. Glioblastomas exhibit chromosomal instability with
aneuploid DNA content, but colorectal tumors are diploid
or contain near-diploid DNA content.14 Loss of 9p is fre-
quently observed in glioblastomas, but 9p is not commonly
lost in colorectal cancers. These differences suggest that the
underlying germline mutation present in mismatch repair
genes may facilitate malignant processes in the central
nervous system that are divergent from those in the colon.14

Clinical Utility of Testing

Diagnostic and presymptomatic genetic testing is avail-
able for Turcot syndrome. Genetic testing of individuals
affected with Turcot syndrome may help clarify their diag-
nosis. The number of polyps, type of brain cancer, and
occurrence of extracolonic cancers aid in directing the
choice of genetic testing of the APC gene or the mismatch
repair genes. For individuals choosing to proceed with
mutation analysis, genetic testing may establish the dis-
ease genotype in a family and provide the opportunity 
for informative presymptomatic testing for other family
members. Carriers may be offered intense surveillance of
appropriate organs, and noncarriers may feel a relief of
anxiety and stress. Microsatellite instability testing may be
used from tumor specimens, although not all tumors in
individuals with a DNA mismatch repair gene mutation
will present with DNA replication errors. The benefits and
limitations of genetic testing would be the same as those
discussed for FAP and HNPCC.

Available Assays

Assays available are the same as those described for FAP
(APC gene) and HNPCC (for MLH1 and PMS2) in chapter 19.

Interpretation of Test Results

Approximately 80% of Turcot syndrome families with
polyposis will have a detectable APC mutation, similar to
that of FAP. Turcot syndrome families associated with
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tumors with replication errors or HNPCC have a lower
mutation detection rate in the DNA mismatch repair genes.

PEUTZ-JEGHERS SYNDROME

Peutz-Jeghers syndrome is a rare autosomal dominant 
disorder characterized by mucocutaneous melanin pig-
mentation, gastrointestinal hamartomatous polyposis, and
benign and malignant tumors of the gastrointestinal tract,
breast, ovary, cervix, and testis. The incidence of Peutz-
Jeghers syndrome is unknown, but estimates range from 1
in 8,300 to 200,000 live births.16,17 An estimated 25% of
Peutz-Jeghers cases are not familial.

Hamartomas with a smooth muscle core are the pathog-
nomonic feature of Peutz-Jeghers (Figure 18-2a and b).
Peutz-Jeghers polyps exhibit a central branching smooth
muscle cell structure that extends to the lamina 

propria and is covered with epithelial cells of normal
appearance.17 Polyposis usually becomes symptomatic
early in adolescence, though intestinal obstruction has
been reported in infancy.16 Hamartomatous polyps may 
be present throughout the entire gastrointestinal tract,
but are commonly present in the small intestine (90%) 
or the colon and rectum (33%). Polyps may be of mixed
histologic types (hyperplastic, adenomatous) but are
mostly hamartomatous and may number from one to
dozens.

Melanin pigmentation may develop in Peutz-Jeghers
patients under the age of 5 years as dark blue to dark brown
macules around the mouth, eyes, nostrils, perianal area,
buccal mucosa, hands, feet, or axillary areas. Pigmentation
may vary greatly between affected individuals of a family
and between families. If pigmentation does develop, it 
may fade or disappear with age. The presence of pigmen-
tation is helpful in the diagnosis of Peutz-Jeghers but may
not be used as a sole clinical indication, as similar 
pigmentation may be found in up to 15% of the general
population.17

The clinical presentation of Peutz-Jeghers is variable.
The most common presentations of Peutz-Jeghers are
small bowel intussusception, colon obstruction, and gas-
trointestinal bleeding. Severe digestive obstruction may be
identified in affected individuals throughout life, but the
average age of onset is 29 years.18 Affected individuals also
may exhibit intermittent abdominal pain or rectal pro-
lapse. For an individual to be clinically diagnosed with
Peutz-Jeghers, one of the following criteria must be met:
(a) three or more histologically confirmed Peutz-Jeghers
polyps, (b) any number of Peutz-Jeghers polyps with a
family history of Peutz-Jeghers, (c) characteristic mucocu-
taneous pigmentation with a family history of Peutz-
Jeghers, or (d) any number of Peutz-Jeghers polyps and
characteristic mucocutaneous pigmentation.15

The estimated incidence of cancer among Peutz-
Jeghers patients is 18-fold higher than in the general 
population.19 No correlation has been found with the 
incidence of cancer and the severity of polyposis or the 
presence of pigmentation.17 Cancer is most frequently
identified in the colon (40%), small intestine (13%),
stomach (29%), pancreas (36%), lung (15%), breast (54%),
ovary (21%), and uterus (9%).19 A rare form of cervical
cancer that is seen more frequently in women with Peutz-
Jeghers is adenoma malignum. This is an aggressive form
of cervical cancer that originates from glandular cells of
the cervix.16

Benign ovarian sex-cord tumors with annular tubules
and estrogen-producing ovarian tumors resulting in 
precocious puberty are found more commonly in females
affected with Peutz-Jeghers.16 Two cases of Sertoli cell
tumor of the ovary were reported in sisters with the 
syndrome. In young males with Peutz-Jeghers, estrogen-
producing testicular Sertoli cell tumors can occur and 
may lead to precocious puberty and gynecomastia.

a

b

Figure 18-2. (a) The harmatomatous polyp of a Peutz-Jeghers patient is distinguished
by its smooth branching muscle core and normal-appearing epithelium that covers its
surface. (b) Magnified view of a harmatomatous Peutz-Jegher polyp. (Courtesy of Dr.

Catherine Sewell.)
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Molecular Basis of Disease

Germline mutations in LKB1 (also known as STK11) on
19p13.3 were initially identified through positional clon-
ing. LKB1 mutations have subsequently been identified in
most, but not all, Peutz-Jeghers families, suggesting that
additional loci may be involved.17 Families that do not
harbor an LKB1 mutation do not differ by clinical mani-
festations or ethnicity from families with LKB1 mutations.
Individuals with nonfamilial (de novo) Peutz-Jeghers often
display the same germline LKB1 mutations as those found
in individuals with a family history of this syndrome.17

LKB1 functions as a tumor suppressor gene whose
protein physically associates with TP53 to regulate TP53-
dependent apoptosis pathways.20,21 LKB1 also interacts with
PTEN, which is responsible for other hereditary hamar-
toma syndromes, and STRAD and MO25α, which regulate
epithelial polarity.22,23 LKB1 encodes a 433 amino acid
protein that is present in both the cytoplasm and the
nucleus. The kinase domain resides within codons 50 to
337 of LKB1 and shares limited homology with other
serine-threonine and tyrosine kinase family members.
Most germline mutations in LKB1 result in protein trun-
cation; however, rare missense mutations within the kinase
domain have been observed.21

Inactivation of this tumor suppressor gene is a critical
early event in the development of hamartomas and adeno-
carcinomas.24 Adenocarcinomas in patients with Peutz-
Jeghers syndrome demonstrate altered TP53 expression
and loss of heterozygosity (LOH) in 17p and 18q.
Microsatellite instability, LOH near the APC gene, or KRAS
mutations were identified in these tumors.24

Clinical Utility of Testing

Genetic testing is useful to confirm the diagnosis of Peutz-
Jeghers syndrome or to identify presymptomatic first-
degree relatives. Diagnostic and presymptomatic testing is
offered from buccal swabs or blood specimens. Prenatal
testing is available using chorionic villus samples or fresh
or cultured amniocytes.

Cancer screenings for affected and at-risk individuals
vary from the general population. Colonoscopy should be
conducted every 1 to 2 years beginning in adolescence.
Identification of a Peutz-Jeghers polyp requires routine
endoscopic surveillance every 1 to 2 years throughout the
life of the individual. Upper gastrointestinal endoscopy,
small intestinal double-contrast radiology, or push enter-
oscopy also has been suggested at 2-year intervals due to
the risk for small bowel cancers.18

Men with Peutz-Jeghers syndrome should perform
regular testicular examinations (beginning at age 10 years)
that should be followed by ultrasound if a mass or clinical
symptoms occur.18 It is recommended that women with

this syndrome perform monthly self breast examinations
and undergo annual clinical breast examinations begin-
ning at age 18 to 20 years. Mammography should ensue at
age 25 to 35 years and be conducted every 2 years until age
40, at which time they can follow general population 
guidelines for breast cancer screening. Annual pelvic
examinations and Pap smears should begin in the teens.
Surveillance for ovarian cancer is complicated by a lack of
efficient screening tools that avoid unnecessary laparo-
scopic surgeries, but nevertheless, annual abdominal and
transvaginal ultrasound alone or in combination with CA-
125 testing is recommended.18 Although these surveillance
practices are recommended, there have been no published
reports proving their efficacy. Additional studies are
needed to determine the appropriate cancer screening
modalities in individuals with Peutz-Jeghers syndrome.

Available Assays

Complete DNA sequencing of LKB1 is available for indi-
viduals with an unknown mutation. Benefits and limita-
tions of DNA sequencing are the same as those discussed
for sequencing for identification of APC mutations.

Interpretation of Test Results

The mutation identification rate for LKB1 mutations in
individuals with Peutz-Jeghers syndrome has ranged from
58% to 100%, depending on the study.16 For affected fami-
lies without an identifiable mutation in LKB1, interpreta-
tion of the test results must be made with caution. Several
possible explanations exist for a negative test result in an
individual with this syndrome. One possibility is that a
locus other than LKB1 is responsible for the syndrome in
this individual, as families have been reported that exhibit
linkage to regions other than 19p. Another possibility is
that the testing method was not able to detect the mutation
present in the family. For those families without an
identifiable mutation, all first-degree relatives should par-
ticipate in heightened cancer surveillance.

Site-specific testing should be offered to family members
of affected individuals with a known LKB1 mutation. Indi-
viduals that test positive for a deleterious mutation are at
increased risk for cancer and should alter their cancer sur-
veillance accordingly. For those who have not inherited the
mutation, their risk for malignancy is that of the general
population.

Laboratory Issues

Testing for Peutz-Jeghers syndrome is available from a
number of laboratories following genetic counseling.
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(those with defective DNA mismatch repair). These features
include high histologic grade, mucinous or signet ring cell
differentiation, medullary features, and a host immune
response characterized by a Crohn’s-like lymphoid reaction
and an excess of tumor-infiltrating lymphocytes.9 Although
many of the histologic features of HNPCC would be con-
sidered aggressive (e.g., high grade and signet ring differ-
entiation), HNPCC is paradoxically associated with a more
favorable prognosis. In one study, the 5-year survival rate
after CRC in individuals with HNPCC was reported to be
86% versus 59% for those with sporadic CRC.10 Possible bio-
logic explanations for the favorable prognosis include a
decreased propensity of these tumors to metastasize, the
high frequency of diploid DNA content, wild-type TP53
status, and enhanced immune surveillance.11–14

In 1991, a set of guidelines (the Amsterdam criteria) was
established to aid in the identification of families with
HNPCC and to make the process of defining families for
research purposes more uniform (Table 19-1a).15 These 
criteria were based primarily on an extended family
history of CRC and were instrumental in helping to iden-
tify the genes responsible for a majority of families 
with HNPCC. However, from a clinical perspective, several
shortcomings of the Amsterdam criteria were subsequently
identified. First, although many individuals with HNPCC
have affected relatives in multiple generations, this is not
always the case, because of small family size, variable pen-
etrance, new mutations, or incomplete pedigree informa-
tion. Second, these criteria did not consider the many
extracolonic tumors frequently associated with HNPCC.
Thus, use of the Amsterdam criteria for clinical purposes
likely leads to an underdiagnosis of HNPCC.As a result, the
true incidence of HNPCC and the underlying molecular
defects have been difficult to establish. The estimates of the
incidence of HNPCC vary widely, but population-based
studies indicate that the diagnosis accounts for approxi-
mately 2% of all CRC.16,17

To address the limitations of the initial Amsterdam crite-
ria, the Amsterdam criteria II18 and the Bethesda guidelines19

were proposed (Table 19-1b and c). These criteria 
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Clinical Characteristics

Hereditary nonpolyposis colorectal cancer (HNPCC) is an
autosomal dominant colon cancer syndrome. The first
description of a cancer-prone family with HNPCC dates
back to the late 1800s.1 However, it was not until the work of
Lynch in the 1970s that a more complete clinical picture of
this disorder began to emerge.2,3 The diagnosis of HNPCC
has, until recently, been based primarily on family history.
As a result, reliably differentiating patients with HNPCC
from those with sporadic cancer has been difficult. However,
the constellation of several clinical characteristics, in addi-
tion to family history, may raise suspicion of HNPCC.

One of the primary clinical characteristics of HNPCC is
the early age at which tumors develop. The average age of
colon cancer diagnosis in individuals with HNPCC is in the
early to mid-40s, although many tumors may occur in the
20s or even in teenage years. This is in contrast to a mean
age of diagnosis of the mid-60s for sporadic colorectal
cancer (CRC).4 In addition to CRC, several other tumor
types are also observed at an increased frequency in fam-
ilies with HNPCC. These include endometrial, ovarian,
gastric, small intestine, brain, and urinary and biliary tract
tumors.5 In addition, the Muir-Torre variant is associated
with the typical extracolonic features of HNPCC in addi-
tion to sebaceous gland tumors and keratoacanthomas.6

Individuals with HNPCC also have a high rate of syn-
chronous and metachronous tumors. Although HNPCC
patients do not develop colon polyps more frequently than
the general population, their polyps tend to be larger, to be
more villous, and to contain more high-grade dysplasia.7

These observations are consistent with an “aggressive
adenoma” theory, in which, although polyps are not more
common, they progress to carcinoma more frequently and
more quickly than sporadic polyps.8 Thus, the increased
rate of tumor progression may be the major factor account-
ing for the cancer predisposition in HNPCC.

Several histologic features of the colon tumors are 
characteristic of a particular subgroup of HNPCC patients
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allow for a more liberal definition of HNPCC and include
individuals with HNPCC-associated tumors as well as
patients with early onset or multiple primary tumors, or
both, whose family history is either incomplete or for whom
the pedigree is small. These guidelines also include criteria
based on the common histologic presentations of the tumors
and make recommendations for germline DNA testing.

Molecular Basis

In 1993, three independent groups reported a novel type of
genomic instability in a subset of colorectal tumors.20–22

This instability was termed microsatellite instability (MSI)
and was characterized by expansions or contractions in the
number of tandem repeats at numerous microsatellite loci
in the DNA. In these studies, MSI was identified in both a
subset of sporadic colon tumors and nearly all tumors
derived from patients diagnosed with HNPCC. Micro-

satellites are tandem repeats of a simple DNA sequence
(1–6 base pairs [bp] in length) that are abundant and ran-
domly distributed throughout the genome. They comprise
approximately 3% of the human genome and are found, on
average, every 2 kb.23 These tandem repeats are thought to
arise by slippage events during DNA replication. Slippage
events have been frequent enough during human evolution
that there are usually multiple alleles at any given
microsatellite sequence.

The molecular basis for the observed instability and its
role in HNPCC was subsequently elucidated in a remark-
ably short period of time due to two additional critical
observations. First, investigators working in the field of
yeast genetics recognized that the pattern of MSI observed
in the colorectal tumors was similar to that seen in bacte-
ria and yeast with defects in DNA mismatch repair
(MMR).24 This finding suggested that the genes involved in
human MMR might be responsible for the MSI observed in
a subset of CRC. The second important observation was 
the discovery of linkage in a subset of HNPCC families to
chromosome 2p.25 Linkage analysis, along with the clues
provided by the yeast MMR work, subsequently led to 
the cloning of a human MutS homolog (hMSH2) and the
identification of germline mutations in the same subset 
of HNPCC kindreds with linkage to chromosome 2p.26,27

These critical observations set the stage for the tremendous
amount of work accomplished over the past decade to gain
a molecular understanding of HNPCC.

MMR is one of several mechanisms involved in the cor-
rection of mutations that occur as a result of exogenous or
endogenous mutagens or misincorporation during DNA
replication. This system is highly conserved through evo-
lution, and much of what is known about MMR is based on
work performed in bacteria and yeast (reviewed in Refer-
ence 28). MMR requires the concerted action of several
proteins. In humans, at least six different proteins are
directly involved in MMR. Deformities in the DNA helix
caused by single base pair mismatches or insertion or 
deletion loop mutations are recognized and bound by a
heterodimer called MutS consisting of hMSH2 and either
hMSH6 or hMSH3. Each of these heterodimers has specific
but partially redundant recognition specificity for the two
different types of mutations. hMSH2/hMSH3 preferentially
binds to insertion/deletion loops, while hMSH2/hMSH6
preferentially recognizes single base pair mismatches. A
second heterodimer called MutL, composed of hMLH1 and
either hPMS2 or hMLH3 (or possibly hPMS1), is responsi-
ble for differentiating between the template and newly 
synthesized strand (destined for repair) and for coordi-
nating the interplay between the recognition complex and
other proteins necessary for MMR. The hMLH1/hPMS2
heterodimer provides the bulk of this function, while
hMLH1/hMLH3 plays a minor role. Following mismatch
recognition and assembly of the repair proteins, the error-
containing strand is excised, resynthesized, and relegated
to complete the repair process (reviewed in Reference 29).

With the identification of the human MMR genes, it has
become apparent that a significant fraction of clinically

Table 19-1. Minimum Criteria for Clinical Diagnosis of HNPCC

a. Amsterdam criteria I
1. At least three relatives should have histologically verified

CRC; one of them should be a first-degree relative to the
other two.

2. At least two successive generations should be affected.
3. In one of the relatives colorectal cancer should be

diagnosed before age 50.
4. Familial adenomatous polyposis should be excluded.

b. Amsterdam criteria II
1. At least three relatives should have an HNPCC-associated

cancer (CRC; cancer of the endometrium, small bowel,
ureter, or renal pelvis).

2. One should be a first-degree relative of the other two.
3. At least two successive generations should be affected.
4. At least one should be diagnosed before age 50.
5. Familial adenomatous polyposis should be excluded in the

CRC case(s), if any.
6. Tumors should be verified by pathologic examination.

c. Bethesda criteria
1. Individuals with cancer in families that meet the

Amsterdam criteria.
2. Individuals with two HNPCC-related cancers including

synchronous and metachronous CRC, or associated
extracolonic cancers.*

3. Individuals with CRC and a first-degree relative with CRC
and/or HNPCC-related extracolonic cancer and/or a
colorectal adenoma; one of the cancers diagnosed before
age 45, and the adenoma before age 40.

4. Individuals with CRC or endometrial cancer diagnosed
before age 45.

5. Individuals with right-sided CRC showing undifferentiated
pattern on histopathology.†

6. Individuals with signet ring cell type CRC.‡
7. Individuals with adenomas diagnosed before age 40.

*Endometrial, ovarian, gastric, hepatobiliary, small bowel, transi-
tional cell carcinoma of the renal pelvis or ureter.
†Solid cribriform defined as a poorly undifferentiated carcinoma
composed of irregular solid sheets of large eosinophilic cells and
containing small glandlike spaces.
‡ Composed of more than 50% signet ring cells.
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defined HNPCC is due to alterations in these genes.
In mutation carriers, MMR function is phenotypically
normal, although every somatic cell carries one inactivated
and one normal copy of the MMR gene mutated in the
specific HNPCC family. However, cells in individuals who
are heterozygous for a mutation in an MMR gene are sus-
ceptible to loss of the wild-type allele through large-scale
chromosomal losses or deletions manifesting as loss of
heterozygosity [LOH] or other somatic mutations within
the gene. Inactivation of both alleles leads to the loss of
functional MMR and a hypermutable phenotype charac-
terized by a large increase in single-base changes and
insertion or deletion mutations at microsatellite loci and
other loci.30,31 This phenotype is observed in the laboratory
as MSI, which is an outcome of defects in the repair
process, not of increased replication errors. The resulting
hypermutable cell, however, is also susceptible to the accu-
mulation of mutations in cellular protooncogenes and
tumor suppressor genes, conferring a growth advantage
that results in clonal expansion and drives the oncogenic
process. It is important to note that the vast majority of
microsatellites do not occur within critical regions of
genes. Therefore, instability at these noncoding loci does
not appear to have a phenotypic effect. However, MSI pro-
vides a very useful phenotypic marker for identifying those
tumors with defective MMR.

Since the initial cloning of hMSH2 and the discovery of
germline mutations in a subset of families with HNPCC,
the human homologues of most, if not all, MMR genes have
been cloned and characterized. In addition to hMSH2,
germline mutations have been identified in four other
MMR genes in families with HNPCC: hMLH1, hMSH6,
hPMS1, and hPMS2.32–35 Mutations also have been observed
in hMLH3, but the putative pathogenic role of these muta-
tions remains to be determined.36

Hundreds of germiline mutations have been reported and
are cataloged in two databases (http://www.insight-group.
org/ and http://www.med.mun.ca/MMRvariants/). Germline
mutations in hMSH2 and hMLH1 account for approximately
40% each of the reported mutations in families with defec-
tive MMR as the underlying cause of disease. This likely
reflects experimental data indicating that the protein prod-
ucts of these genes are indispensable for MMR function.29

Nearly 10% of germline mutations occur in the hMSH6 gene.
It has been reported that hMSH6 mutations often occur in
HNPCC families characterized by a less-typical clinical pres-
entation, including a later onset of cancer, a relatively higher
occurrence of endometrial cancer, and a lower degree of MSI
in tumor tissue.37–39 A smaller number of families have been
reported that carry hPMS2 mutations.

Mutation analysis of MMR genes has provided estimates
of the proportion of families that meet clinical criteria for
HNPCC and also have identifiable germline mutations.40,41

Depending on the techniques used and the number of
genes examined, between 40% and 90% of families that fit
the Amsterdam criteria have identifiable germline muta-
tions.42 If the less-restrictive Amsterdam II criteria are uti-
lized, this proportion decreases to 5% to 50%.43,44 There are

several possible explanations for this finding. The manner
in which the population of HNPCC families under study is
ascertained plays an important role in the proportion of
families that are found to be positive for mutations in MMR
genes. Large, well-defined families with many affected
individuals are much more likely to harbor recognizable
mutations than are families that barely meet the minimum
clinical criteria.A portion of undetected mutations in these
families also may be due to technical issues related to the
mutation-screening methods, which detect only certain
types of mutations and generally have limited mutation-
detection rates that range from 60% to 90%. In addition,
most laboratories have traditionally examined only the
hMSH2 and hMLH1 genes for mutations, thus biasing
against families that carry mutations in other MMR genes.
Also, families that fit the clinical criteria for HNPCC may
do so because of environmentally induced aggregates or
may occur by chance as a result of the high frequency of
CRC in the general population. Finally, another portion of
these clinically defined HNPCC families may be due to yet
undiscovered genes that predispose to HNPCC. These
unidentified genes may or may not be involved in MMR. In
support of this hypothesis, linkage analyses suggest that
HNPCC families exist that do not involve known loci.45,46

More important, a significant fraction of HNPCC families
do not have evidence of defective MMR when tumors 
from family members are tested.17 Families which fit the 
Amsterdam criteria I for HNPCC but do not have defective
MMR have recently been designated as “familial colorecteal
cancer type X” to distinguish them from families with
hereditary MMR deficiency. These families have a lower
incidence of colorectal cancer and may not have any
increased incidence of other cancers.42

Because of the heterogeneity noted above, it is now pos-
sible to make a distinction between HNPCC and a here-
ditary defect in an MMR gene which is now termed Lynch
syndrome.43 HNPCC is a clinical diagnosis primarily based
on family history and other clinical information. As dis-
cussed above, current data indicate that there is a subset of
families with HNPCC in which tumors do not exhibit any
phenotypic evidence of defects in MMR (MSI or the
absence of protein expression), and germline mutations in
MMR genes have not been identified. Therefore, it is likely
that other genes not involved in MMR are responsible for
the diagnosis of some patients with HNPCC. Conversely,
not all patients with germline defects in MMR genes meet
the clinical criteria for HNPCC.17 Thus, Lynch syndrome is
a genetic diagnosis based on the finding of defective MMR
in the tumor and a germline mutation in one of the MMR
genes. Not all patients with clinically defined HNPCC will
have Lynch syndrome, and not all patients with Lynch 
syndrome will fulfill the clinical criteria for HNPCC. Lynch
syndrome is likely to be a relatively homogenous diagno-
sis despite the locus heterogeneity, whereas HNPCC is
more heterogeneous and includes both Lynch syndrome
and other hereditary genetic causes of HNPCC. This
important distinction has implications for the identifi-
cation of patients with CRC who should undergo tumor
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screening and potentially germline testing (see Strategy for
HNPCC testing, below). This distinction also has important
implications as it relates to the natural history of the
disease.42

Available Assays

MSI

MSI is the phenotypic reflection of an underlying MMR
defect in a tumor. For this analysis, both tumor and normal
tissue or cells are required. Typically, paraffin-embedded
tissue sections (10 µm thick) are microdissected to obtain
relatively pure tumor cells. Areas containing >70% tumor
cells are typically used, although regions containing as 
little as 50% can provide adequate results. Normal cells 
are derived from adjacent normal mucosa, sections from
archival normal surgical specimens for the same patient, if
available, or peripheral blood. DNA is extracted separately
from the tumor and normal cells. A number of extraction
methods are now available that provide good-quality DNA
from paraffin-embedded tissue. Isolated DNA is analyzed
by the polymerase chain reaction (PCR) using radioactive
or fluorescent-labeled primers to amplify and visualize
multiple segments of DNA containing microsatellite loci.
The PCR products are subjected to size-based separation
on polyacrylamide gels or, more recently, through capillary
electrophoresis.

MSI can be observed by comparing the electrophoretic
patterns of amplified DNA from both tumor and normal
tissue and is scored as the presence of novel fragments in
tumor DNA compared to normal DNA (Figure 19-1a).
For dinucleotide repeats, these novel fragments can 
be seen as higher- or lower-molecular-weight fragments
(expansion or contraction of repeat). For mononucleotide
repeats, however, lower-molecular-weight fragments are
typically detected. Allelic imbalance, or LOH, is not scored
as MSI since this alteration is the result of an entirely dif-
ferent mechanism (Figure 19-1, panel b). Overall, we have
found that the most important aspect of this test is to have
a well-optimized PCR assay. Because of PCR artifact,
results will be far more difficult to interpret if each of the
assays is not sufficiently optimized.

Historically, a major obstacle to understanding the
tumor phenotype associated with defective MMR was a
lack of consensus on the definition of MSI. The number 
of microsatellite loci and the proportion that demonstrate
instability in order to be classified as MSI positive were
highly variable between studies. The likelihood that any
particular microsatellite will be susceptible to instability in
a tumor probably relates to the inherent instability at the
locus. Thus, differences in marker susceptibility to insta-
bility may lead to differences in the number of tumors
scored as MSI positive.

In 1998, guidelines proposed for MSI testing at a
National Cancer Institute (NCI) workshop were pub-

lished.19 These guidelines provide a reference panel of five
validated microsatellite loci to ensure uniformity of diag-
nosis between laboratories. Laboratories could use the
panel directly or use this panel as a basis of comparison to
validate their own set of markers. These loci consist of two
mononucleotide (BAT 25 and BAT 26) and three dinu-
cleotide (D2S123, D5S346, and D175250) repeat markers.
Mononucleotide markers are relatively stable and tend to
be monomorphic. Mononucleotide markers were included
in the panel because reports indicate that cells with mutant
hMSH6 were mainly associated with instability at mononu-
cleotide markers, while cells with mutations in hMLH1,
hMSH2, or hPMS2 lead to pronounced instability at both
mono- and dinucleotide repeats.48 Thus, analysis of only
dinucleotide markers could lead to false-negative MSI
results for tumors caused by mutations in hMSH6.

Several studies have reported that the fraction of markers
demonstrating instability within tumors have a bimodal
distribution with a breakpoint at approximately 30% to
40%.49 Therefore, tumors analyzed for MSI can be divided
into three discrete groups: MSI-H (high-frequency MSI),
MSI-L (low-frequency MSI), and MSS (microsatellite
stable). For the NCI panel of five markers, MSI-H is defined
as two or more unstable markers, MSI-L as one unstable
marker, and MSS as no unstable markers. Although this
group of five markers (or a comparable group) often is ade-
quate to identify tumors with the MSI-H phenotype, it is not
particularly useful for distinguishing between MSS and
MSI-L. A larger number of markers is necessary to make
this distinction. When only one marker is unstable or when
technical difficulties limit the number of informative
markers, an additional five markers may be necessary to
help differentiate between MSI-H and MSI-L/MSS. In these
cases, the absolute number may not be as important as
defining the overall frequency of unstable microsatellites.
When more than five markers are used, instability at ≥30%
of markers is considered MSI-H, while MSI-L is defined as
instability in <30% of the markers tested. More recent data
suggest that the use of a greater number of mononucleotide
markers (two to four per set), by themselves, may have a
greater sensitivity and specificity for the detection of the
MSI-H phenotype.50 Additionally, because these mononu-
cleotide markers tend to be monomorphic, investigators
have suggested that testing can be performed with tumor
only (i.e., without the need to compare to normal tissue
from that patient).51 However, caution should be used with
this approach since other alleles can be detected in some
patients, especially in certain racial groups. Without the use
of normal tissue from that patient, such results could be
scored as false positives. An example of a patient that is 
heterozygous for BAT 26 is shown in Figure 19-1c. In 
addition, the quasimonomorphic marker BAT26, which is
located immediately downstream of exon 5 in the MSH2
gene, is widely regarded the most sensitive and specific
marker of MSI. Pastrello and colleagues recently demon-
strated that in individuals with large germline deletions of
MSH2 which span exon 5, BAT26 is more likely to show no
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Figure 19-1. MSI analysis of normal and tumor DNA from a CRC patient using four
mononucleotide repeat markers (BAT 25, BAT 26, BAT 40, BAT 34c4) and six dinucleotide
repeat markers (D17S250, ACTC, D10S197, D18S55, D5S346, mycL) with the use of an

ABI3100 genetic analyzer. (a) Example of MSI for each of the ten markers. (b) Example
of microsatellite changes that can be misinterpreted as MSI: allelic imbalance or LOH. (c)
Example of a patient that is heterozygous for the marker BAT 26.

MSI when tested on tumor tissue, due to the subsequent
somatic deletion of the corresponding region of the wild-
type allele.52 This work has highlighted a limitation of using
BAT26 alone for the detection of MMR deficiency, a limita-
tion of considerable magnitued considering that large dele-

tions of MSH2 comprise 15% of all known deleterious MMR
mutations of which up to one-half span exon 5. A third NCI
workshop was convened in December 2002 to further
develop guidelines for the clinical diagnosis of HNPCC 
and MSI testing. Results of this workshop advocated the
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continued use of the original NCI panel of five markers with 
recognition that in the future additional mononucleotide
markers may be added to the panel.51

The proper differentiation between MSI-H and MSI-
L/MSS tumors is important because these two tumor subsets
have very different biological characteristics with different
molecular etiologies. Current data indicate that the MSI-H
phenotype is due almost exclusively to defective MMR.
MSI-L and MSS tumors, so far, appear to share the same 
phenotypic characteristics with little or no involvement of
defective MMR. MSI-L tumors show a genetic profile similar
to sporadic MSS CRC (with typical KRAS and TP53 muta-
tions and LOH at 5q,17p,and 18q),but not to MSI-H CRC.53,54

In addition,several histopathologic studies demonstrate that
MSI-H tumors reflect the clinical and pathological features
typically associated with HNPCC (reviewed above), while
MSI-L/MSS tumors are not associated with these features.49

Together, these data indicate that MSI-L/MSS CRC are fun-
damentally different from MSI-H CRC. This assay, therefore,
provides a sensitive test for detecting the presence of an
abnormality in the MMR pathway.

As noted earlier, MSI is not a specific characteristic of
CRC associated with HNPCC. Large prospective studies 
of unselected CRC patients have determined the frequency
of MSI-H in both sporadic and HNPCC-derived tumors.
These studies indicated that 12% to 28% of unselected CRC
display MSI.16,17 However, mutation analysis of the samples
with MSI-H revealed germline MMR gene mutations in
only approximately 2% of the patients. MSI also has been
described in other sporadic component tumors within 
the HNPCC spectrum.55 These data led to an interesting
paradox: although most CRC derived from individuals with
a clinical diagnosis of HNPCC demonstrate MSI-H, only a
minority of unselected tumors with MSI-H are from
HNPCC families. These data indicate that two groups of
phenotypically indistinguishable MSI-H tumors exist:
those that are due to an underlying germline mutation in
an MMR gene and those that are due to another mecha-
nism. Insight into this paradox was gained, in part, by the
analysis of MMR proteins in colorectal tumor specimens
by immunohistochemistry (IHC). Nearly all tumors that
displayed MSI-H, but without germline MMR gene muta-
tions, demonstrated a loss of hMLH1 protein expression.
Subsequent analysis of tumor tissue for hMLH1 mutations
indicated that somatic mutation was a relatively infrequent
event. However, analysis of the methylation status of the
hMLH1 promoter region indicated that aberrant promoter
methylation was the most likely explanation for the loss of
hMLH1 expression in these tumors.56,57 Thus, it appears
that MMR inactivation can account for nearly all CRC
demonstrating the MSI-H phenotype.

Immunohistochemistry

The examination of CRC tissue for loss of expression of
MMR proteins by IHC complements MSI analysis in screen-
ing for defective MMR in HNPCC. IHC is a relatively fast,

easily interpretable, and inexpensive method that is per-
formed on slides from paraffin-embedded tumor tissue.
Tumor cells that demonstrate an absence of nuclear staining
in the presence of positive staining in surrounding normal
cells (lymphocytes and normal colonic epithelium) are inter-
preted as having an absence of protein expression (Figure 19-
2b). Loss of MMR protein expression is highly correlated
with an MSI-H phenotype, but not with MSI-L/MSS.58

In addition to defining the presence of defective MMR,
an important feature of IHC analysis lies in the finding that
loss of expression of a particular MMR protein is predic-
tive of the gene most likely mutated. IHC analysis of tumor
from moderate- and high-risk individuals is routinely
available for hMSH2, hMLH1, hMSH6, and hPMS2. Inter-
estingly, loss of expression of hMSH2 is accompanied by
loss of hMSH6, and similarly, loss of expression of hMLH1
is accompanied by loss of hPMS2. However, loss of hMSH6
and hPMS2 can occur alone. The mechanistic reasons for
the concomitant loss of these proteins are not entirely clear.
However, since these combinations of proteins also make
up the MutS and MutL MMR complexes, it is possible that

Figure 19-2. Immunohistochemical analysis with anti-hMLH1 antibody. (a) Tumor and
surrounding normal tissue showing nuclear staining for hMSH6 expression. (b) Normal
tissue with positive staining, but tumor tissue shows an absence of staining, indicating
a loss of hMSH6 protein expression.
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the loss of one partner of a complex has effects on the
expression, protein folding, or proper cellular localization
of the other partner. In practice, the loss of expression of
hMSH2, loss of hMSH6 alone, or loss of hPMS2 alone is
strong evidence for the presence of a germline mutation in
that respective gene. Thus, efforts to determine the precise
germline mutation responsible for HDMMR in an individ-
ual can be focused on a single gene. In addition, absence of
MMR protein expression may indicate that an identified
MMR gene mutation has functional significance.

Like MSI analysis, however, IHC analysis cannot distin-
guish between somatic and germline alterations. Sporadic
tumors with hMLH1 promoter hypermethylation also
demonstrate a loss of hMLH1 (and hPMS2) protein expres-
sion; hence, loss of expression of hMLH1 does not estab-
lish the presence of a heritable germline gene mutation. In
addition, cases have been described in which tumors with
an MSI-H phenotype did not reveal a concomitant loss of
protein expression.59 Thus, MSI analysis (which indicates a
phenotypic defect in MMR) in conjunction with IHC
(which indicates which of the MMR genes is inactivated 
to produce that phenotype) is likely the most effective
method for screening tumors in order to identify individ-
uals at high risk for HNPCC, and in whom mutation
screening should be considered.

Mutation Analysis

Molecular genetic testing in an individual with a suspected
diagnosis of HNPCC has important implications for both
the affected individual and at-risk family members. The
identification of a deleterious germline mutation consti-
tutes a genetically defined diagnosis of Lynch syndrome
and is important for the treatment and subsequent sur-
veillance of the disease. In addition, the identification of a
germline mutation allows predictive testing to be per-
formed on unaffected relatives at a relatively small cost and
with essentially 100% accuracy. Thus, the identification of
a germline mutation in families with suspected HNPCC is
of paramount importance.

Germline mutations have been identified in any one 
of five MMR genes in families with Lynch syndrome
(http://www.insight-group.org/ and http://www.med.mun.ca/
MMRvariants/). Many different types of mutations have been
detected, and they are spread throughout the length of the
genes with no apparent mutational hotspots.Therefore,genetic
testing is a complex, time-consuming, and expensive process.
Multiple laboratories offer genetic testing for HNPCC using a
variety of methods. Some laboratories begin with a more
general mutation-screening test to identify the region harbor-
ing a mutation.Mutation-screening techniques are designed to
screen relatively large segments of DNA for sequence changes
but cannot identify the precise mutation. Additionally, the
mutation-detection rate for the majority of these techniques is
less than 100%, typically 80% to 90%. However, these tech-
niques are designed to be faster and less labor-intensive than
direct sequencing. Common mutation-screening techniques

include conformation sensitive gel electrophoresis (CSGE),60

single-strand conformation polymorphism (SSCP),61 denatur-
ing gradient gel electrophoresis (DGGE),62 and denaturing
high-performance liquid chromatography (DHPLC).63 All
these methods involve PCR amplification of the region to be
screened (typically a single exon with a portion of adjacent
intronic sequence) followed by electrophoretic or chromato-
graphic separation of the mutant alleles from the wild-type
alleles. Once a region of a gene is identified as positive by a
mutation-screening method, direct sequencing of this specific
region is performed.

Since the majority of mutations in the MMR genes result
in premature truncation of the respective protein product,
the protein truncation test (PTT) which utilizes an in vitro
transcription/translation assay also has been utilized to
detect mutations.64 The size of the resultant protein prod-
ucts analyzed by sodium dodecyl sulphate–polyacrylamide
gel electrophoresis (SDS-PAGE) indicates the relative 
position of the mutation within the gene for subsequent
targeted sequencing. However, PTT results may be com-
plicated by the general difficulty of isolating and manipu-
lating RNA; the alternative splicing of hMSH2 and hMLH1
transcripts, which may yield multiple protein products;
and nonsense-mediated decay, which may preferentially
degrade mRNA species with premature stop codons.65

Direct sequencing of the entire coding regions of MMR
genes has been another strategy for mutation detection.
With the advent of automated fluorescent sequencing and
the increased ability to detect heterozygous sequence
changes, however, direct sequencing is now feasible and is
performed in most laboratories.

Both mutation-screening techniques and direct
sequencing are limited by the fact that they do not detect
large deletions, duplications, or other genomic rearrange-
ments. Recent studies indicate that these mutations make
up a significant proportion of mutations observed in
hMSH2 (approximately 30%) and hMLH1 (approximately
5–10%)66–68. Due to the preponderance of deletions and
duplications, analysis by Southern blot or quantitative
PCR-based methods such as multiplex ligation-dependent
probe amplification (MLPA) should be part of a routine
mutation-detection protocol for Lynch syndrome.69 An
example of a Southern blot test for all 16 exons of hMSH2
is shown in Figure 19-3. For this specific assay, three in vitro
synthesized probes (G1, G2, and G3) were constructed to
clearly delineate each individual exon.

Although traditional mutation analysis should detect the
large majority of deleterious mutations in MMR genes,
some mutations can be detected only when the two alleles
are studied separately. Analysis of expression from each
allele independently through conversion of diploidy to
haploidy, involving separation of the two alleles in somatic
cell hybrids, permits the detection of mutations in pro-
moter regions or introns that may affect transcription or
mRNA splicing.70

All genomic sequence changes are potentially deleteri-
ous. However, unlike nonsense, frameshift, splicing, or 
deletion mutations (which account for the majority of
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mutations in the MMR genes), it is inherently difficult to
determine the pathogenicity of missense changes. IHC
analysis, evolutionary conservation, and the segregation of
the mutation with disease within the family may all provide
clues as to the pathogenicity of such mutations. However,
functional assays are likely to be the most useful in the
interpretation of these alterations. These assays have 
traditionally been performed in bacterial systems. Clinical
utility of functional assays awaits the development of fast,
inexpensive, and robust mammalian systems. Clearly the
identification of deleterious mutations in families with
HNPCC is an extremely difficult task due to genetic and
clinical heterogeneity.

Strategy for HNPCC Testing

The ultimate goal of screening for HNPCC is to identify all
cases of Lynch syndrome or other hereditary defects
present in a population. In view of limited resources,
identification of individuals who would benefit most from
genetic testing is essential. To most efficiently identify
germline mutations in patients identified through family
history and clinical criteria to be at risk for HNPCC, a step-
wise diagnostic procedure is recommended (Figure 19-4).
The utility of this tiered approach has been demonstrated
in studies that have successfully screened an unselected

  G1   G2   G3

  E   Bg   H   E   Bg   H   E

  @

  Bg   H

Figure 19-3. Southern blot screen for all 16 exons of the hMSH2
gene. Quantitative intensity measurements are taken for all bands
and are compared to a normal control. Arrows indicate some of the
detected changes in band intensity due to hemizygosity. @, a novel
restriction fragment generated by the deletion; *, an exon 8 Hind III
polymorphism; G1, G2, and G3, the probe sets used with each blot;
Bg, H, and E, the restriction endonucleases Bgl II, Hind III, and EcoR
I, respectively.

  Identify patients appropriate for testing
using clinical criteria (see Table 24-1)

MSI and IHC analyses on tumor tissue
from affected family member

MSI-H MSI-L or MSS Stop testing (does not rule out
other hereditary causes of CRC)

Germline testing of MMR gene
indicated by IHC analysis

Mutation screen
and Southern blot

No alteration
identified

Stop testing

Alteration identified Polymorphism

Stop testing

Sequence change of
undetermined significance

Pathogenic mutation

Test at-risk
family members

Figure 19-4. Flowchart for recommended HNPCC diagnostic 
procedure.
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population with CRC to identify those who might benefit
from genetic testing.16,17

Utilizing this approach, a combination of MSI and IHC
analysis is first performed on tumor tissue as an initial
screen for individuals at increased risk to have germline
MMR defects. Since MSI is found in virtually all tumors
derived from individuals with Lynch syndrome, it is gener-
ally unproductive to search for germline mutations in MMR
genes in patients whose tumors do not demonstrate a
mutator phenotype. Depending on the prior risk of the
patient being tested, a large fraction of cases may not have
evidence of defective MMR. This is especially the case for
individuals that have a moderate risk for having HNPCC.
Data from our Molecular Diagnostic Laboratory, which
includes both moderate-risk (young age of onset only, one
additional family member with CRC only, etc.) and high-risk
(Amsterdam criteria) referral cases, has demonstrated that
up to 70% of cases do not have evidence of defective MMR.
Direct sequencing of several MMR genes in such cases would
generally not be productive. The combination of MSI and
IHC testing is a relatively inexpensive prescreen that can
eliminate unnecessary and expensive germline testing when
performed as the first step in a testing protocol.

If the tumor demonstrates an MSI-H phenotype, then
IHC provides important information about the specific
MMR gene that is most likely mutated. The subset of
patients identified then would be considered for germline
testing with appropriate genetic counseling. Germline
testing of the appropriate MMR gene (identified by IHC)
by mutation screening or direct sequencing in conjunction
with Southern blot (or other assays capable of detecting
germline deletions or other genomic rearrangements)
would follow in those patients who provide informed
consent. In this case, only the relevant gene is analyzed for
a germline mutation, again minimizing the need to test
several MMR genes. This approach is designed to be the
most cost-effective and judicious use of resources at the
present time. However, as technological advancements con-
tinue, this testing algorithm may be amended after further
studies have proven the effectiveness of other approaches.
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Chapter 20
Multiple Endocrine Neoplasia Syndromes
Barbara Zehnbauer

in contrasts of allelic heterogeneity and detection 
sensitivity.

MEN1

Molecular Basis of Disease

The MEN1 gene maps to human chromosome 11q13 and
was cloned in 1997.4 MEN1 is a tumor suppressor gene5 that
contains 10 exons and encodes a ubiquitously expressed 2.8
kilobase (kb) transcript. The predicted 610 amino acid
protein product, termed menin, exhibits no apparent 
similarities to any previously known proteins or consensus
protein motifs, and its exact function is unknown. Menin
is a nuclear protein that interacts with proteins involved in
transcription and cell growth regulation. At least 400 dif-
ferent MEN1 mutations (nonsense, frameshift, insertion,
deletion, missense, and splicing defects) have been
described and are distributed throughout the 9.8 kb of
genomic DNA comprising the MEN1 gene (Figure 20-1).3

At least 75% of all reported MEN1 mutations will produce
a truncated menin protein primarily by nonsense and
frameshift mutations. Missense and in-frame genomic
alterations have been described in the domains of menin
that interact with JUND, SMAD3, and NAKB1, three major
effectors in transcription and cell growth regulation path-
ways.6 These and other alterations that predict a loss of
menin function are consistent with a role of MEN1 as a
tumor suppressor gene.3 In mouse models of MEN1, loss of
both MEN1 alleles in the mouse germline is lethal in the
embryo but does not result in tumor formation.7 Condi-
tional gene knockouts targeted to pancreatic islet β-cells 
or parathyroid cells result in growth of insulinomas or
parathyroid adenomas, respectively.8,9 No correlation has
been observed between MEN1 genotype and MEN1 phe-
notype.1,3,10 In about 20% of MEN1 families no mutation 
in the MEN1 gene has been identified.11 Extensive listing
and descriptions of MEN1 mutations are available online 
from the Human Gene Mutation Database Cardiff

233

Introduction

Multiple endocrine neoplasia (MEN) syndromes include
several types of autosomal dominant inherited familial
cancer syndromes, each characterized by a different pat-
tern of endocrine gland tumors in affected individuals. The
two major types are MEN1 (Wermer syndrome) and MEN2
(Sipple syndrome). MEN1 is an autosomal dominant dis-
order characterized by a high frequency of peptic ulcer
disease and primary endocrine abnormalities involving
the parathyroids (90–97% of patients), pancreatic islets
(30–80% of patients; including adenoma, prolactinoma,
insulinoma, glucagonoma, gastrinoma, etc.), and anterior
pituitary (15–50% of patients).1 MEN2 includes subtypes
MEN2A, MEN2B, and familial medullary thyroid carci-
noma (FMTC, non-MEN), with the primary clinical fea-
tures of medullary thyroid carcinoma (MTC; 95% of
patients), pheochromocytoma (pheo; 50% of MEN2A and
MEN2B), parathyroid hyperplasia (15–30% of MEN2A 
and rarely in MEN2B), plus mucosal neuromas (lips and
tongue), ganglioneuromas of the gastrointestinal tract, and
marfanoid habitus in MEN2B only.1 The MEN2A diagnos-
tic category characterizes approximately 60% to 90% of
patients with MEN2, FMTC accounts for 5% to 35%, and
MEN2B for about 5%.2 In addition, MTC and pheo may be
bilateral or multifocal with an earlier age of onset than spo-
radic occurrence of the same tumor type.

Penetrance of both MEN1 and MEN2 is nearly complete
by 60 years of age.1,3 While these syndromes are uncom-
mon (1 in 10,000 to 100,000 for MEN1 and 1 in 25,000 to
30,000 for MEN2), diagnosis of these autosomal dominant
disorders has important implications for other family
members because first-degree relatives have a 50% risk of
inheriting the causative mutation and developing the
disease. Early detection is critical for the most effective
intervention with the goal of treatment prior to tumor
metastasis. However, these two syndromes and their under-
lying molecular pathology present very different chal-
lenges for the clinical molecular laboratory as a study 
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(http://uwcmml1s.uwcm.ac.uk/uwcm/mg/search/120173.
html) and the Weizmann Institute of Science, GeneCards
(http : / /www.genecards .org/cg i-bin/carddisp.pl?
gene=MEN1).

Available Assays

The mutations in the 9.8 kb genomic DNA of the MEN1
gene that are associated with the MEN1 syndrome are
diverse in both type and distribution. This creates a con-
siderable challenge in the design of a DNA diagnostic test.
The initial molecular pathology screening of affected
members of MEN1 families should include analysis of the
entire gene. Most approaches incorporate polymerase
chain reaction (PCR) amplification of each exon with a
survey for sequence variants by dideoxy fingerprinting,4

heteroduplex analysis (HA), single-strand conformation
polymorphism (SSCP), or direct DNA sequencing.3,10,12

PCR products from exons showing sequence variants by
conformational changes are usually sequenced to identify
the specific mutation. These strategies will identify muta-
tions in 75% to 80% of MEN1 families. The majority of
mutations are nonsense or frameshift mutations that

predict expression of a truncated menin protein with loss
of function. Missense mutations in MEN1 are primarily
clustered in the domains that interact with the trans-
cription factors, JUND (codons 1–40, 139–242, 323–428),
SMAD3 (distal to codon 478), and NFKB (codons 276–479),
of key cell growth pathways (Figure 20-1).13 Protein trun-
cation testing (PTT) could be useful in detecting the effects
of such mutations, but PTT has been complicated for clin-
ical molecular laboratory implementation. Newer versions
of PTT technology may yield more promising approaches
for a comprehensive MEN1 mutation detection strategy.14,15

As in most PCR-based screening procedures, some types
of mutations can be missed, including large deletions or
insertions, point mutations in the 5′ regulatory or untrans-
lated regions, nucleotide changes in the introns, or at the
sites of PCR primer annealing, which may adversely 
affect PCR amplification efficiency. Large germline DNA
deletions can be identified by Southern blot analysis 
and have been described by several investigators16,17 as
abnormal restriction endonuclease fragments. These were
observed in MEN1 families following negative findings
using dideoxy fingerprinting and direct DNA sequencing
approaches. Linkage analysis also may be used to define
familial haplotypes that confer genetic predisposition to
develop MEN1.
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Figure 20-1. Schematic representation of the MEN1 gene indicating the intron-exon
organization, as well as the relative location, type, and distribution of germline muta-
tions characterized in patients with MEN1. Functional domains of menin that interact
with JUND, SMAD3, and NFKB are indicated below the gene map. (From Wautot V, Vercherat

C, Lespinasse J, et al. Germline mutation profile of MEN1 in multiple endocrine neoplasias type 1:
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Interpretation
As for any clinical molecular genetic test, the ability to
identify a specific gene mutation to correlate with the
disease status of an affected individual depends on the 
sensitivity of the assay. A well-defined clinical phenotype
is essential for accurate interpretation and reporting 
of molecular test results to the healthcare professional.
Genotype-phenotype correlations are either imperfect or
nonexistent for these disorders. Both MEN1 and MEN2 are
inherited in autosomal dominant patterns; thus, a single
germline mutation confers predisposition for these cancer
syndromes. At the cellular level, MEN1-associated tumors
are caused by inactivation of both copies of this tumor sup-
pressor gene, while mutation of a single copy of RET pro-
duces a gain of function, dominantly expressed effect.11

About 80% of patients with MEN1 will have a germ-
line mutation identified in the MEN1 gene coding for the 
menin protein.1,3 MEN1 germline mutations also have 
been identified in nearly two thirds of patients with spora-
dic MEN1.10 There is presently no specific genotype-
phenotype association of MEN1 mutations to predict the
clinical course or onset of this disease. More than 400 dif-
ferent mutations have been described in the MEN1 litera-
ture, and some of these have been reported in multiple,
independent kindreds. Characterization of these same
genetic variations in newly diagnosed individuals supports
the role of the mutant allele in the disease etiology and is
very helpful to the molecular pathology interpretation. As
in many genetic syndromes, molecular identification of a
pathogenic MEN1 mutation in a family member with clin-
ical features of MEN1 is most significant in the risk assess-
ment of other first-degree relatives.

As reviewed by Guo and Sawicki, MEN1 mutations are
not limited to patients with MEN1.10 A significant number
of sporadic endocrine tumors also may harbor MEN1
mutations but not with the same prevalence as the same
types of tumors in the syndromic cases. MEN1 mutations
do not provide clinically useful information for sporadic
tumor staging.11 While one third of MEN1 patients will
develop pituitary tumors and carry germline MEN1 muta-
tions, only about 1% of sporadic pituitary tumors carry
MEN1 mutations. The frequency of MEN1 mutations also
differs between different types of pancreatic endocrine
tumors. In sporadic gastrinomas, the rate of MEN1 muta-
tions is 37% in contrast to 15% of sporadic nongastrin-
oma pancreatic tumors. Insulinomas, another pancreatic
endocrine tumor of MEN1, have been characteristic of the
MEN1 knockout mice,18 but MEN1 mutations have not
been found in sporadic insulinomas.19 Clearly the role of
menin in familial and sporadic tumors is not the same.
Sporadic parathyroid and pituitary adenomas with no
detectable MEN1 mutation may be characterized as phe-
nocopies of MEN1, particularly when there is no family
history of MEN1.10

Information about the penetrance and expressivity of
the mutations in MEN1 described to date suggests that
there is nearly 100% risk for MEN1 in carriers of the same

familial mutation by the age of 60 years.3 Mutations leading
to truncated protein expression create loss of functional
menin protein. Missense mutations may disrupt menin
interaction with cell growth regulatory molecules or its cel-
lular localization. These mutations also may decrease the
stability of menin protein or lead to its degradation. This
is largely speculative at this time because the exact func-
tion of menin is unknown.

Clinical Significance

Nearly 50% of patients with MEN1 will die as a result of
their disease; thus, genetic screening to identify family
members with germline MEN1 mutations may lead to
closer monitoring, earlier identification of tumors,
improved outcomes, and longer survival. Primary hyper-
parathyroidism is present in more than 90% of patients
with MEN1, but parathyroid carcinomas are rarely seen. In
addition, pancreatic tumors may be observed in about 60%
of MEN1 patients. These most commonly are classified as
gastrinomas or insulinomas. Pituitary adenomas also occur
in about 30% of MEN1 patients, but pituitary carcinomas
are not usually detected. Variable expressivity and reduced
penetrance also have been reported in many MEN1 fami-
lies, making distinction of a familial condition difficult to
discern from sporadic tumor occurrence. Absence of a
detectable mutation does not exclude the diagnosis of
MEN1. Genetic variability in other genes with which the
menin protein interacts also may contribute to variable phe-
notypes of family members with the same MEN1 allele.

Identification of carriers of MEN1 gene mutations has
not been very successful in either predicting or preventing
the course of MEN1. The utility of MEN1 mutation detec-
tion in directing patient care is limited by the absence of
very sensitive imaging methods for early detection and
treatment of MEN1-associated tumors, coupled with the
lack of adequate treatment options for the types of tumors
observed in MEN1.10 Knowledge of the carrier status is not
an indicator for prophylactic surgery as in MEN2; thus,
mutation screening in MEN1 patients does not avoid or
cure the malignancy but may assist in clinical monitoring
and lifestyle decisions. When a family-specific mutation
can be identified, the clinical significance of a subsequent
negative genetic analysis in an at-risk relative can aid the
genetic counselor in reassuring that family member.
Targeting therapy to the menin protein has not been
attempted because its function and the protein domains
required for tumorigenesis have not been identified.11

Quality Control and Laboratory Issues

Complete analysis of the MEN1 gene sequence by PCR
amplification of each exon and direct DNA sequencing fails
to identify mutations in 20% to 25% of patients with MEN1.
Some MEN1 mutations have been identified repeatedly in
apparently unrelated families, suggesting some tendency
for mutational hot spots within the gene. Caution must be
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used in the interpretation of the pathogenic consequences
of DNA sequence variants. Predicting abnormal protein
function from a DNA sequence change is imperfect. Several
MEN1 polymorphisms have been reported (Arg171Gln and
Ala541Thr) that produce amino acid substitutions featur-
ing different polar side chains but apparently are not asso-
ciated with a disease phenotype.10 Missense mutations in
amino acids surrounding these same codons are consistent
with MEN1 incidence in affected families.3 Classification of
polymorphisms as benign may change with long-term
follow-up or ascertainment of additional MEN1 kindreds.
Some frameshift or nonsense mutations do not completely
abolish normal protein function. The existence of pheno-
copies (clinical presentations that may mimic familial dis-
orders) also should be a consideration due to the relatively
high frequency of sporadic parathyroid and pituitary ade-
nomas,10 particularly in the absence of a family history of
MEN1. Genotype-phenotype prediction may be further
complicated by variable expression among family members
or different families with the same sequence change, or by
slow growth of an MEN1 tumor even after a gene mutation
has been characterized. Once a sequence change has been
documented as present in individuals with clinical features
of MEN1 and absent in unaffected individuals, one can be
reasonably certain of the significance of the finding as a true
disease-associated mutation.

Of mutations reported in the literature, approximately
70% are nonsense, frameshift, or splice-site mutations that
predict the expression of a truncated menin protein
product. We investigated the feasibility and utility of an in
vitro protein truncation test (PTT) for diagnostic MEN1
screening. This proved to be too problematic for routine
clinical laboratory implementation, given the problems
inherent in (a) the instability of abnormal mRNA in
peripheral blood lymphocytes of patients with MEN1 and
(b) the scarcity of methionine residues for 35S-methionine
substitution in labeling the amino terminus polypeptides
of the menin protein. Newer approaches with noniso-
topic PTT14,15 may be more successful in applying this 
strategy to MEN1 mutation detection. Identification of
large deletions by Southern blot or fluorescence in situ
hybridization (FISH) analysis may be useful for mutation
screening because deletion of an entire exon or exons will
result in amplification and sequencing of the remaining,
normal allele and a false-negative test result. Genetic vari-
ants in the regulatory regions of MEN1, including promoter
mutations or methylation defects, may indicate abnormal
gene expression but have not yet been documented.

MEN2

Molecular Basis of Disease

In 1993, the RET protooncogene (“rearranged during
transfection”), located on chromosome 10q11, was cloned
and characterized as encoding a transmembrane tyrosine

kinase with a cysteine-rich extracellular receptor domain
(Figure 20-2).20,21 RET spans 60 kb with 21 exons encoding
a protein of approximately 1,100 amino acids.6 Glial cell
derived neurotrophic factor (GDNF) and neurturin are two
ligands for the RET receptor domain.22 The ligands initiate
homodimerization of RET protein molecules resulting in
phosphorylation and activation of the tyrosine kinase
domain, leading to downstream signal transduction.22

Missense mutations in the RET gene were characterized in 
individuals with the MEN2 syndromes20,21,23,24 with a very
restricted pattern of variations (Figure 20-2). In patients
with MEN2A, nearly all the mutations in this gene are 
missense mutations localized to five conserved cysteine
residues in RET exons 10 and 11 (Table 20-1) in a cysteine-
rich extracellular domain adjacent to the transmembrane
domain of the RET protein (Figure 20-2).20,21,23 Most of
these mutations produce constitutive dimerization and
increased kinase activation of the aberrant RET protein.25

Individuals with only FMTC have missense mutations in
these same cysteine codons or in a few additional codons
(768 and 804) located in exons 13 and 14 (Table 20-1),
which specify intracellular portions of the RET protein
next to the transmembrane domain (Figure 20-2).26,27

Nearly 95% of all patients diagnosed with MEN2B have
been characterized with a single missense mutation in
codon 918 of RET exon 16, M918T, replacing a methionine
residue with a threonine.23,24 This variant, in the intracellu-
lar tyrosine kinase catalytic domain (Figure 20-2), alters
substrate recognition, which leads to cellular transforma-
tion.25 In each case, the mutation produces a gain-of-
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Figure 20-2. Diagram of RET gene product indicating the relative location of germline
mutations characterized in patients with MEN2. Ovals are numbered to represent the
codons that commonly contain germline missense mutations associated with MEN2A
and FMTC. Diamonds are numbered to represent the codon location of germline muta-
tions in MEN2B. Triangles indicate the positions of mutations in hereditary Hirschsprung
disease. (From Phay JE, Moley JF, Lairmore TC. Multiple endocrine neoplasias. Semin Surg Oncol

2000;18:324–332, copyright © 2000. Reprinted by permission of Wiley-Liss, Inc, a subsidiary of John

Wiley and Sons, Inc.)
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function change for the aberrant RET protein. Online
information about many other RET mutations is available
from the Human Gene Mutation Database Cardiff
(http://uwcmml1s.uwcm.ac.uk/uwcm/mg/search/120346.
html) and the Weizmann Institute of Science GeneCards
(http://www.genecards.org/cgi-bin/carddisp-pl?=RET).

Hirschsprung disease (HSCR) is also associated with
somatic or germline RET mutations, either in codons 
609, 618, or 620, or throughout other regions of the RET
gene.28,29 Some families have been described in which
HSCR cosegregates with either MEN2A or FMTC.30 RET
mutations in patients with HSCR may produce either loss
or gain of RET protein function and include frameshift and
nonsense mutations. Papillary thyroid carcinoma is asso-
ciated with somatic gene rearrangements of the RET
gene.31

Available Assays

Screening for RET protooncogene mutations to confirm
MEN2 diagnosis or to determine predisposition for MEN2
in asymptomatic relatives may be accomplished by a

focused survey of a few exons of the RET gene. The major-
ity of pathogenic mutations have been characterized in
exons 10, 11, 13, 14, and 16, including codons 609, 611, 618,
620, 634, 768, 804, and 918, with few exceptions (Table 20-
1). In addition, all mutations of these RET codons associ-
ated with MEN2 are missense substitutions.20,21,23,24,26,27

Nonsense and frameshift mutations in RET have not been
observed in MEN2, and small, in-frame deletions or inser-
tions are rarely identified.32 These cysteine codons are not
mutated with equal frequency, with the majority of patients
with MEN2A having alterations of codon C634 (Figure 20-
3). Nearly every base position of these TGC cysteine codons
has been a point of allelic variation, generating more than
20 distinct alleles; thus, mutation detection methods must
be designed with the capability to interrogate each
nucleotide position of the codon. In clinical laboratory
practice, the preferred approach first is to characterize the
causative (pathogenic) mutation in an affected individual
using a comprehensive PCR plus direct DNA sequencing
approach (Table 20-2) either of the commonly altered
exons (Table 20-1) or of the entire RET gene. A variety of
physical detection methods for rapid discovery of DNA
sequence variation such as denaturing gradient gel 

Table 20-1. Common RET Gene Mutations in MEN2 and Associated Clinical Phenotypes

Amino Acid Substitution†

Y F G R S W D M L T
RET location Codon* TAC TTC GGC CGC TCC or AGC TGG GAC ATG TTG ACG

Exon 10 C609 2A, FMTC 2A 2A 2A —‡ HSCR
TGC HSCR

C611 2A 2A FMTC 2A 2A 2A
TGC

C618 FMTC 2A 2A, FMTC 2A, FMTC 2A, FMTC —‡

TGC HSCR

C620 2A FMTC 2A 2A, FMTC FMTC 2A, HSCR
TGC HSCR

Exon 11 C634 2A 2A 2A 2A, FMTC 2A, FMTC 2A
TGC

Exon 13 E768 FMTC —‡ —‡ —‡

GAG

Exon 14 V804 —‡ FMTC, 2A FMTC —‡

GTG

Exon 16 M918 —‡ —‡ —‡ 2B
ATG

*The normal codon and sequence is listed in the Codon column.
†The Amino Acid Substitutions (single-letter abbreviations) and codon triplet sequences that result from the point mutations at each normal
codon are listed across the top of the table.
‡ Some substitutions have not been described at every codon and are indicated by a dash.
The clinical phenotypes that have been described for each substitution are displayed in the grid. 2A, MEN2A; FMTC, familial medullary
thyroid carcinoma; HSCR, Hirschsprung disease; 2B, MEN2B. Example: C609Y,TGC → TAC has been described in cases of MEN2A, FMTC,
and HSCR.
More extensive lists can be viewed at the Human Gene Mutation Database Cardiff Web site for RET (http://archive.uwcm.ac.uk/
uwcm/mg/search/120346.html) and the RET Gene Card (Weizmann) (http://bioinfo.weizmann.ac.il/cards-bin/carddisp?RET).
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electrophoresis (DGGE),33 SSCP,32,34,35 HA,36 and denaturing
high-performance liquid chromatography (DHPLC)36

have been used extensively in research studies and are 
very useful for initial localization of a single-nucleotide
sequence variation. Most of these methods identify a
single-nucleotide sequence change by the altered mobility
caused by the DNA conformational change using elec-
trophoretic or melting profile shift analysis in comparison
to the wild-type nucleotide sequence for the same DNA
fragment. Sensitivity in the detection of the mobility shift
is optimal in fragments of 200 to 400 base pairs (bp) for
these approaches, and may include 50 to 600 bp targets or
up to 1.5 kb with DHPLC. Determination of the exact 
position of the base change within these fragments (for
example, TGC to TAC or TGC to GGC) can sometimes be
deduced by comparison with an extensive panel of controls
of defined mutant alleles previously confirmed by DNA
sequencing.33,36 The high GC content of some RET

sequences additionally can confound physical detection
methods by reducing the sensitivity of resolution 
between homoduplex and heteroduplex DNA molecules.
Confirmation by direct DNA sequencing identifies both 
the exact position and nature of the base change loca-
lized by conformational screening methods. One major 
advantage of many of these conformational techniques 
is that they are frequently performed with automated 
instrumentation.

Following the identification of the specific pathogenic
mutation in an affected relative, other family members may
be tested for just this allele with a more targeted, follow-
up test of a single codon within one exon of RET. The
molecular methodology may not be limited to direct DNA
sequencing.37 For example, many missense mutations
identified in the comprehensive screening also may be
directly detected by PCR–restriction fragment length 
polymorphism (RFLP) using a variety of enzymes,37

DGGE, DHPLC, SSCP, HA, or single nucleotide polymor-
phism (SNP) testing methods.38 Site-specific, single-base
extension assays, such as those used for single-nucleotide
polymorphism detection, have been described38 for detec-
tion of many of the RET mutations. Linkage analysis is 
feasible39 when direct mutation analysis fails to identify
one of the common mutations in a family with a clear
pattern of heritable disease.

Interpretation

The sensitivity of RET mutation screening requires concise
clinical description of the patient’s phenotype.At least 95%
of patients with MEN2 will have one of a limited number
of well-characterized mutations in the RET gene leading to
a gain of function. There is some genotype-phenotype
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Figure 20-3. Distribution of RET mutations in MEN2A and FMTC. Summarized from the
literature. Codon 634 in exon 11 represents a mutation hotspot in MEN2A.

Table 20-2. Oligonucleotide Primer Sequences in Use for Clinical Diagnostic PCR and Direct DNA Sequencing of RET Exons 10,11,13,14,
and 16

Primer Name RET Exon Forward or Reverse Primer Sequence

10NF2 10 F 5′-TCAGGGGGCAGCATTGTTGGG-3′
10R2 10 R 5′-ATGGGGCCCACTCGCCTCCCAGC-3′
10F 10 F 5′-GCGCCCCAGGAGGCTGAGTG-3′
10R3 10 R 5′-CCTCCCTTGTTGGGACCTCAGATGT-3′
11F2 11 F 5′-AGAGCATACGCAGCCTGTACCC-3′
11NR 11 R 5′-GTCATCTCAGCTGAGGAG-3′
11F3 11 F 5′-ACACGGCAGGCTGGAGAGCCATGA-3′
11R 11 R 5′-CACCGGAAGAGGAGTAGCTG-3′
CRT4F 13 F 5′-GCAGGCCTCTCTGTCTGAACTT-3′
CRT4E 13 R 5′-GGAGAACAGGGCTGTATGGA-3′ (PCR only)
CRT4EN 13 Nested 5′-AGGCCCCATACAATTTGATG-3′ (for Seq. only)*
2 R
14F 14 F 5′-TGGCTCCTAGAAGACCCA-3′
14R 14 R 5′-AGAGCCATATGCACGCAC-3′ (PCR only)
14RINT 14 Nested 5′-TCTCGGCCAGATACTGCATC-3′ (for Seq. only)*

R
16LC 16 F 5′-AGAGAGTTAGAGTAACTTCAATGTC-3′
16RC 16 R 5′-CTACATGTATAAGGGTGTTT-3′
16LH 16 F 5′-AGGGATAGGGCCTGGGCTTC-3′
16RH 16 R 5′-TAACCTCCACCCCAAGAGAG-3′

*Nested reverse primers (internal to the PCR reverse primer) are used for the cycle sequencing of exons 13 and 14 PCR products.
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specificity for the separate MEN2 subtypes, as summarized
in Table 20-1. There is significant overlap of clinical symp-
toms and missense variations at any of the five conserved
cysteine codons (609, 611, 618, 620, 634) that may be diag-
nostic for either MEN2A (95%) or FMTC (80%) (Figure 20-
3). Mutations at codon 768 or 804 in exons 13 and 14,
respectively, are consistent with the diagnosis of FMTC
alone.26 The substitution of methionine at codon 918 with
threonine, M918T, is diagnostic for the MEN2B variant and
is observed in 95% to 98% of MEN2B patients. The
specificity of RET mutation detection for these disorders is
nearly 100%.40

Interpretation should be conducted within the context 
of family history and the clinical presentation of the types
of endocrine tumors in an affected family member,
when available. Specific classification of a patient’s MEN2
subtype is essential for the most accurate prognosis and
effective clinical management. Distinguishing FMTC or
MEN2A may be difficult in small kindreds, with limited or
relatively young affected family members, or when scant
family medical history is documented because pheochro-
mocytomas or parathyroid hyperplasia may primarily
manifest in older relatives.

Identical point mutations have been observed in fami-
lies with only FMTC and in those with MEN2A as well as
in kindreds that have MEN2A plus HSCR. Thus, the geno-
type-phenotype associations of MEN2 expressivity are not
clearly defined by RET mutations alone. Within particular
kindreds, the clinical presentation is fairly consistent, con-
sidering the variable expression of tumor types in MEN2A.
As a membrane tyrosine kinase molecule, the RET protein
interacts with several coreceptor molecules and ligands
including GDNF, neurturin, persephin, and artemin.41 Base
substitutions at the key conserved cysteine codons affect
intermolecular associations, disrupt normal signaling, and
change the activity or specificity of the kinase, or both.25 It
is hoped that clearer elucidation of concomitant variations
in these other “modifier” genes will aid in the definition of
more precise genotype-phenotype effects.

MEN2 syndromes account for approximately 25% of
MTC cases, based on epidemiological studies of new index
cases. The remainder of MTC cases are sporadic, unilateral,
or manifest in older adults with negative genetic findings
of germline RET mutations. A significant proportion of the
sporadic tumors (30% to 67%) have somatic M918T muta-
tions of RET in the absence of a constitutive germline
mutation in leukocyte DNA of the same patient.42,43 Spo-
radic MTC also may feature a much more diverse type and
distribution of RET mutations than MEN2A and FMTC.
Disease-causing germline RET mutations also have been
reported in 1% to 24% of individuals with apparently 
sporadic MTC, but the lack of previous family history of
MEN2 may be attributed to incomplete penetrance of some
genetic variations. Somatic RET mutations have not been
detected in sporadic pheochromocytoma,43 but this tumor
may also present in von Hippel Lindau (VHL) disease and
neurofibromatosis type 1 (NF1). Neumann and colleagues
showed the utility of additional mutation screening of the

VHL gene associated with VHL disease in individuals with
pheochromocytoma, but no other MEN2 symptoms and no
identifiable RET gene mutation.44 Screening for mutations
in VHL and NF1 genes should be considered in familial
cases of pheochromocytoma with no detectable germline
mutation in RET. HSCR is generally characterized by a
broader spectrum of mutations throughout RET than those
typical of MEN2, in both the familial and sporadic HSCR
presentations.29,30 The rare occurrence of an MEN2 family
with no identifiable RET mutation presents the possibility
of a clinical misdiagnosis.

Clinical Significance

The primary utility of genetic testing for RET mutations 
is to confirm the diagnosis of MEN2, to provide predic-
tive risk-assessment testing for family members, and to
facilitate prenatal diagnosis of MEN2. Early detection of a
pathogenic RET mutation improves the prognosis for
presymptomatic individuals by offering an opportunity for
therapeutic intervention prior to advanced disease, metas-
tasis, or both.45–47 There is reduced morbidity and mortal-
ity achieved by increased clinical monitoring, prophylactic
thyroidectomy (followed by thyroid hormone replacement
therapy plus autotransplantation of the parathyroids), or
both.1,37 This can be a very effective treatment to prevent
disease metastasis. Resected thyroid tissue from children
and adults with positive genetic findings demonstrates C
cell hyperplasia or microscopic foci of malignancy in the
absence of biochemical screening abnormalities or clinical
symptoms.47 Thus, genetic testing for RET mutations is a
more sensitive and specific screening tool than either phys-
iological testing or pathology examination for assessing
familial cancer risk for MEN2 in these families.45–47

The clinical significance of a positive finding of a RET
mutation is considerable, given that there is virtually 100%
penetrance of these mutations for MTC. But genetic
findings cannot predict the age of disease onset; thus, con-
tinued surveillance for residual or recurrent MTC plus
adrenal tumors is included in the follow-up care of MEN2
patients and asymptomatic carriers. About 50% of MEN2
patients (both subtypes A and B) will develop pheochro-
mocytoma, while 20% to 30% of MEN2A patients may
develop parathyroid hyperplasia.1 Patients with FMTC 
typically develop only MTC and none of the other clinical
manifestations of MEN2A or MEN2B. Each subtype
appears to “breed true” within a family. Genetic screening
and mutation identification are currently recommended by
5 years of age for children who are at risk in MEN2A fam-
ilies. Children should be screened even earlier if MEN2B
has been diagnosed in close relatives, due to the earlier age
of onset and aggressive clinical course of this variant.45,46

Some of the other advantages of DNA testing in MEN2 are
that the test is relatively noninvasive and low risk, it is
usually better tolerated by the patient than biochemical
screening by metabolic challenge,37 genotype results are
not subject to physiologic status, and serial genotype
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testing is not necessary. Individuals in MEN2 families who
are not carriers of the familial RET mutation have the
lower, general population risk for sporadic incidence of
these endocrine neoplasias and do not require the same
frequent monitoring for abnormal thyroid or adrenal func-
tion in the absence of clinical symptoms. Several tyrosine
kinase inhibitors that inhibit RET are being tested in clin-
ical trials for treatment of MEN2 neoplasms.48,49

Quality Control and Laboratory Issues

Overall, germline DNA sequencing for RET mutations is
favored in clinical molecular laboratories because the
mutations are localized, there are limited regions to 
be sequenced, and the assay has a low false-
negative rate (~5%). Some of the limitations of RET
genetic testing approaches can be attributed to the inher-
ent technical aspects of PCR, DNA sequencing, restric-
tion endonuclease digestion, fragment comigration, and 
nonpathogenic sequence changes. PCR primer and target
fragment design are critical for sensitive detection of
mutations by DNA conformation methods. DNA fragment
size and base composition directly influence the melting
profile of the PCR product and alter the optimal analytic
conditions for heteroduplex and homoduplex separation
(temperature, buffer concentrations, resolution). DNA
sequence polymorphisms within the PCR product at posi-
tions other than the ones being scored for pathogenic
changes can alter the fragment mobility, prompting false-
positive results. For example, a frequent silent polymor-
phism at RET codon 769 of exon 13 changes one leucine
codon, CTT, to another leucine codon, CTG. This may
produce altered mobility of the fragment, which could be
attributed to a change at the adjacent codon 768, consistent
with FMTC. Careful comparison with both wild-type and
previously characterized mutant alleles as positive controls
may assist with the appropriate interpretation of these
variations, as will direct DNA sequence confirmation of the
same template.

When reviewing DNA sequence electropherograms
from automated instruments, one must critically examine
both the base sequence indicated by the software and the
nucleotide-specific peaks or signals in the trace, because
true heterozygous base positions, such as the cysteine
codon substitutions in exons 10 and 11 of RET, may be
difficult to discern. The peaks should overlap with signals
of nearly equal intensity, a condition that may be adversely
affected by flanking sequence composition. For example,
short repeats of G or C nucleotides may display decreasing
peak heights for the more distal residues, thereby quench-
ing adjacent signal intensity. Sequencing of both strands of
the amplified DNA fragment should confirm the heterozy-
gous base detection and is the standard approach in many
laboratories using this technology for clinical molecular
testing. The DNA oligonucleotide primers used for direct
cycle sequencing reactions may be the same or nested

within the PCR fragment but should be positioned 20 to 
40 bases from the codons being scored in the mutation
screening to optimize clear sequence interpretation.
Some fluorescent dye chemistries used in automated DNA
sequence techniques yield high background signals (par-
ticularly of thymidine nucleotides) resulting from incom-
plete removal of unincorporated dye terminator reagents
prior to electrophoresis.

A few pitfalls specific to RET mutation screening have
been encountered. We observed preferential (or biased)
PCR amplification resulting from specific DNA sequence
polymorphisms in primer binding regions. The poly-
morphisms caused poor primer annealing and failed
amplification of the allele sequences adjacent to the 
polymorphism. We observed this variable performance
with some RET PCR primer sequences for exon 11 in 
clinical genetic testing for direct detection of mutations in
codon 634. Both affected and at-risk family members 
were screened by PCR-RFLP for the C634Y mutation
(TGC→TAC) in codon 634 in RET exon 11 using the Rsa I
enzyme. One individual had a DNA fragment pattern con-
sistent with two copies of the mutant allele and no wild-
type allele, which was unlikely in this autosomal dominant
disorder. The patient’s disease presentation and course
were not dissimilar (neither more severe, nor more exten-
sive, nor at an earlier age) from other affected relatives 
who were heterozygous for the same allele. Direct DNA
sequencing of the PCR product did not resolve the
problem. We next selected nonoverlapping PCR primers
that flanked the same region of exon 11. These primers
amplified both the mutant and wild-type alleles to demon-
strate that the individual was heterozygous, and both 
PCR-RFLP and DNA sequencing detected both alleles.
A downstream DNA polymorphism (codon 691) was
identified in a cis configuration with the wild-type allele at
codon 634. The original primer that overlapped this poly-
morphic region annealed poorly and did not amplify the
adjacent wild-type C634 allele, resulting in efficient
amplification of only the C634Y allele and a false homozy-
gous mutant pattern (Figure 20-4). Another solution to
restore the amplification of both alleles was to lower the
annealing temperature slightly for the first primer pair,
thus allowing the mismatch and facilitating the efficient
PCR amplification of both alleles. Consequently, our stan-
dard procedure for RET screening employs two independ-
ent sets of PCR primers to amplify each exon, followed by
enzymatic digestion of each product or DNA sequencing
of both strands of the PCR products. Findings from both
PCR products must be concordant before a valid clinical
evaluation is reported. In our standard practice, positive
(same mutant allele) and negative (no mutation) DNA con-
trols are analyzed in parallel every time the assay is per-
formed. PCR with no added nucleic acid is also included
and must be free of amplified DNA fragments, indicative of
contamination, in all reported assays. In some reactions,
small primer-dimer products (<30 bp) may appear, but are
distinct from diagnostic DNA patterns.
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The clustering of these mutations in a limited region of
the RET protooncogene allows the use of the Pyrose-
quencing technology as an alternative DNA-based diag-
nostic method of screening.50 Reports of novel RET DNA
alterations affecting noncysteine codons within exons 10
and 1151 require extended family studies to determine the
clinical significance and the RET activation status of these
variants.
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Chapter 21
The Neurofibromatoses
Karen Stephens

NF1 is caused by inactivating mutations in one copy of
the NF1 gene resulting in haploinsufficiency for the gene
product neurofibromin (Table 21-1). About 85% to 90% of
constitutional mutations are nonsense, splicing, and mis-
sense; they are distributed throughout the gene, although
some exons appear to be mutation rich (Figure 21-1). An
estimated 5% of mutations are large contiguous gene dele-
tions typically of 1.4 megabases (Mb) that delete one entire
NF1 allele (reviewed in Reference 7).About one half of cases
are familial (inherited from an affected parent) and one half
are sporadic, resulting from a de novo NF1 mutation. An
unknown fraction of sporadic cases are due to postzygotic
mutation of the NF1 gene, which complicates mutation
detection and genetic counseling. Neurofibromin functions
as a negative regulator of the RAS oncogene by stimulating
the conversion of active guanosine 5′-triphosphate (GTP)-
bound RAS to the inactive guanosine 5′-diphosphate
(GDP)-bound form by hydrolyzing GTP. Biochemical, cell
culture, and genetic studies in both NF1 patients and mouse
models are consistent with a model whereby a somatic
mutation inactivates the remaining functional NF1 gene
(leading to increased activated RAS) in a progenitor
Schwann cell as an early, probably initiating, event in the
development of neurofibromas (reviewed in Reference 8).
Biallelic inactivation of NF1 also occurs in other types of
progenitor cells that give rise to NF1-associated tumors
such as gliomas and myeloid malignancies.

Clinical Utility of Testing

A diagnosis of NF1 can almost always be made based on
clinical findings, particularly after 8 years of age. Clinical
DNA-based testing is available from many licensed clinical
laboratories (see GeneTests, http://www.genetests.org/).
Testing is not typically used for diagnostic purposes, but
can be useful for confirming a clinical diagnosis, repro-
ductive counseling, and prenatal or preimplantation diag-
nosis. Blanket recommendations for diagnostic testing for
NF1 cannot be made because the sensitivity of clinical
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Neurofibromatosis type 1 and neurofibromatosis type 2 are
two distinct genetic disorders that predispose to the devel-
opment of tumors primarily of the nervous system (Table
21-1).1 A recently recognized third form of neurofibromato-
sis, known as schwannomatosis,2 is not included in this
review, as molecular genetic testing is not available for this
disorder.

NEUROFIBROMATOSIS TYPE 1

Molecular Basis of Disease

Neurofibromatosis type 1 (NF1) is an autosomal dominant
progressive disorder with high penetrance but extremely
variable expressivity (reviewed in References 1, 3, and 4).
The cardinal features are café au lait macules, intertrige-
nous freckling, Lisch nodules, and multiple neurofibromas,
although numerous other features and complications are
common. Criteria for diagnosis of NF1 were established 
in 1987 by a National Institutes of Health Consensus 
Conference and are widely used.5 Neurofibromas are
benign nerve sheath tumors that arise on peripheral
nerves. Cutaneous neurofibromas develop in virtually all
cases of NF1, typically appear in the second decade of life,
grow slowly, increase in number with age, and are consid-
ered at low risk for transformation to a malignant periph-
eral nerve sheath tumor (MPNST; previously known as
neurofibrosarcoma). In contrast, diffuse plexiform neuro-
fibromas and deep nodular plexiform neurofibromas are
considered at increased risk for transformation to MPNST.
Individuals affected with NF1 have a lifetime risk for
MPNST of 8% to 13%.6 Other neoplasms epidemiologically
associated with NF1 include medulloblastoma, pheochro-
mocytoma, astrocytoma, and adenocarcinoma of the
ampulla of Vater. Children affected with NF1 are at
increased risk for optic pathway and brainstem gliomas,
rhabdomyosarcomas, and malignant myeloid leukemias.
NF1 patients also are at increased risk for a second malig-
nancy, some of which may be treatment related.



Table 21-1. Comparison of Features of the NF1 and NF2 Disorders

Feature Neurofibromatosis 1 Neurofibromatosis 2

Alternate name Peripheral neurofibromatosis; von Central neurofibromatosis; bilateral acoustic neuroma
Recklinghausen neurofibromatosis

OMIM accession number* 162200 101000
Mode of inheritance Autosomal dominant Autosomal dominant
Frequency of disorder 1/3000–1/4000 1/25,000
Fraction of sporadic cases 30–50% ~50%
Gene symbol NF1 NF2
Chromosomal location 17q11.2 22q12.2
Gene size; transcript size ~350kb; ~11–13kb† ~110kb; 2kb†
GenBank accession no. (gene; cDNA)‡ NT_010799; NM_000267 Y18000; NM••000268
Number of exons 60 17
Tissue expression pattern Widely expressed Widely expressed
Protein product (size; no. of residues) Neurofibromin (>220kDa; 2818) Merlin; also known as schwannomin (65kDa; 595)
Normal functions of protein Tumor suppressor; negative regulator Tumor suppressor; associates with proteins of the 

of RAS oncogene cytoskeleton
Commonly associated tumors Neurofibroma, MPNST, optic pathway Bilateral vestibular schwannomas, schwannomas of 

and brainstem gliomas other central and peripheral nerves, meningiomas
Animal models Mouse, fruit fly Mouse, fruit fly

*Online Mendelian Inheritance in Man [database online] (http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=OMIM).
†Alternative splicing produces transcripts of varying lengths.
‡ See Gene Lynx Human (http://www.genelynx.org/) for a compilation of and hyperlinks to gene, protein structure, and genomic resources.
MPNST, malignant peripheral nerve sheath tumor.
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Figure 21-1. NF1 and NF2 genes: genomic structure and mutations. (a) At the top is a
schematic of the NF1 gene region at chromosome segment 17q11.2. The 350 kb NF1
gene is flanked by two different sets of directly oriented paralogs. The 51 kb paralogs
NF1REP-P1 (previously termed NF1REP-P) and NF1REP-M (orange boxes) and the 46 kb
JJAZ1 gene and pseudogene (−y) (yellow boxes) are shown. Homologous recombina-
tion between NF1REP elements results in a recurrent 1.4 megabase (Mb) microdeletion,
while recombination between the JJAZ1 paralogs results in a recurrent 1.2 Mb microdele-
tion.11,16 NF1REP-P2 is a partial element with a limited role in mediating NF1 microdele-
tions. The 60 exons of NF1 are represented by boxes (not to scale), and exon numbering
is sequential except as indicated. The GTPase-activating protein-related domain or GRD
(exons 21-27a) and a cysteine/serine-rich domain with three cysteine pairs suggestive
of ATP binding (exons 11-17) are indicated. Gray boxes indicate alternatively spliced
exons that vary in abundance in different tissues. Mutations have been identified in vir-
tually every exon. Exons where mutations are apparently in greater abundance than

expected are indicated (green boxes).21,22,25 In one study, exons 7, 10a, b, c, 23-2, 27a, 29,
and 37 accounted for 30% of mutations, 15 of which were in exons 10a, b, and c, which
harbor three recurrent mutations, including Y489C, which alone accounts for approxi-
mately 2% of mutations.21 Blue boxes indicate exons that have clusters of missense or
single base or codon deletion mutations, or both.22 Some of the recurrent, although still
infrequent, mutations are given below the exons. (b) The 17 exons of the NF2 gene are
represented by boxes (drawing not to scale), and the exon numbering is sequential. The
protein 4.1-homology domain thought to mediate binding to cell surface glycoproteins
(exons 2-8), the α-helical domain (exons 10-15), and the unique C-terminus (exons 16-
17) are shown. Gray boxes indicate alternatively spliced exons; the inclusion of exon 16
creates an alternate termination codon resulting in a slightly truncated protein. Muta-
tions have been identified involving each exon except for 16. Selected recurrent muta-
tions found in a limited survey of references cited in the text are indicated. In several
studies, R57X occurred in 8% of familial constitutional mutations.
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diagnosis for NF1 is very high and the sensitivity of molec-
ular testing is not 100%. Furthermore, the benefits of diag-
nostic testing are subjective and may differ from family to
family. Early planning is necessary for couples considering
prenatal diagnosis using amniocytes or chorionic villus
sampling or preimplantation diagnosis. These tests are 
available only when the pathogenic familial germline
mutation (or the predisposing haplotype in the case of
linkage testing) has been identified previously in an
affected parent, a process that can require weeks or
months.

The primary genetic counseling issue related to molec-
ular testing of NF1 is the inability to predict the severity or
course of the disorder in a patient or fetus. Even among
family members who carry the same NF1 mutation, there
can be considerable variation in clinical manifestations
and complications. For the majority of cases, there is no
correlation between genotype and phenotype. For the
approximately 5% of individuals who carry a constitu-
tional NF1 deletion (most commonly 1.4 Mb), there is a 
2-fold increased lifetime risk of MPNST,9 a predisposi-
tion to childhood overgrowth,10 an early age of onset 
with excessive numbers of cutaneous neurofibromas,
numerous internal neurofibromas, learning disabilities,
vascular anomalies, and astrocytomas (References 7 and 
11 to 14 and references therein). A recommendation 
for routine testing for NF1 microdeletion has been 
proposed, with follow-up for increased suspicion for
MPNST.9

NF1 testing may be useful to confirm a diagnosis in a
patient with equivocal findings, such as a child who has a
few café au lait macules and carries a presumptive diagno-
sis of NF1. In such cases, it is important to realize that the
sensitivity and specificity of testing patients who do not
fulfill the NIH diagnostic criteria for a diagnosis of NF1 is
unknown but is likely to be quite low.

For unaffected parents of a child with sporadic NF1,
recurrence risk is a concern. Although thought to be rare,
germline mosaicism has been reported in an asympto-
matic parent of a child with sporadic NF1.15 Therefore,
there is a small, but unknown, increased risk of recurrence
even if the child’s pathogenic mutation is not detected in
the genomic DNA from parental leukocytes. Although the
frequency is unknown, sporadic NF1 cases with postzy-
gotic mutations resulting in somatic mosaicism may 
not be as rare as once thought. One study suggests that
among NF1 microdeletion cases, the frequency of
somatic deletion may be very high (~40%).16 Assuming
that 10% of NF1 cases have microdeletions, a frequency 
of 4% mosaicism is expected in the general NF1 popula-
tion. This is certainly an underestimate, as it does not 
consider mosaicism for intragenic NF1 mutations. Mosaic
individuals carry the NF1 mutation in only a fraction of
their cells, depending on the developmental interval and
the cell type in which the mutation occurred. The pheno-
type of mosaic individuals ranges from localized (segmen-
tal) disease to mild or severe generalized disease.16,17 The

sensitivity of mutation detection may be lower due to an
increased signal to noise ratio, that is, a low level of a
mutant allele in a background of two normal NF1 alleles.
Offspring that inherit an NF1 mutation from a parent with
mosaicism, however, will have a constitutional NF1 muta-
tion and may have more severe disease than their mosaic
parent. Genetic counseling regarding the clinical and
reproductive implications of NF1 mosaicism is highly 
recommended.17

Available Assays

Mutation of the NF1 gene is the only known cause of the
disorder. Molecular tests for diagnostic, prenatal, and
preimplantation diagnosis are available. The choice of
assay and testing laboratory depends upon the reason for
referral and mutation types and detection rates of their
assay(s).

Fluorescent in situ hybridization (FISH; see chapter 2)
with NF1 probes of either metaphase or interphase white
blood cells is the optimal test to rule out or confirm the
approximately 5% of cases due to a submicroscopic NF1
microdeletion (Figure 21-1).18 In the future, a first-tier test
may employ an NF1 deletion junction-specific polymerase
chain reaction (PCR) assay.19 The recent availability of
high-resolution genomic microarrays of the NF1 deletion
region will facilitate clinical testing by array–comparative
genomic hybridization (CGH),20 which may become clini-
cally important in the future if deletions involving a subset
of genes predispose to certain manifestations. The sensi-
tivity of deletion-specific PCR and array-CGH assays to
detect low-level NF1 deletion mosaicism will need to be
determined. Routine cytogenetic analysis is of limited clin-
ical utility, as the NF1 microdeletions are submicroscopic,
and translocation and rearrangement involving NF1 are
extremely rare.

Linkage analysis is an indirect test that tracks the inher-
itance of the mutant NF1 allele in members of a family. This
may be the quickest, most economical NF1 test for at-risk
individuals and fetuses of families that fulfill the testing
criteria. The primary requirement is the availability and
cooperation of multiple family members whose NF1 status
is known by detailed clinical evaluation. Multiple NF1
intragenic polymorphic markers are available that facili-
tate identification and tracking of the predisposing haplo-
type in a family and provide the specificity for linkage
testing.

Efficient detection of subtle intragenic NF1 gene muta-
tions, for purposes of diagnostic testing or mutation typing
for prenatal or preimplantation diagnosis, is complicated
by the large number of exons and large size of the gene
(Table 21-1), variation in type and distribution of muta-
tions, and large fraction of private mutations. About 70%
to 80% of mutations result in a premature translation ter-
mination codon, with nonsense and splicing defects being
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the most common.21 These mutations can be detected by
the protein truncation test (PTT; see chapter 2), which
detects truncated neurofibromin polypeptides synthesized
by in vitro translation of multiple overlapping NF1 com-
plementary DNA (cDNA) segments. A detection rate of
about 80% can be attained with an optimized PTT testing
protocol (see Laboratory Issues below). The majority of
such mutations are private to each individual or family,
although there are recurrent mutations that may account
for, at most, a few percent of cases (Figure 21-1a).

About 10% of NF1 mutations are missense or in-frame
insertions or deletions of a few nucleotides,21,22 some of
which show clustering (Figure 21-1a). Their identification
requires direct sequence analysis of NF1 exons and splice
junctions in genomic DNA or cDNA segments. Prospective
testing of NF1 subjects by direct genomic sequence analy-
sis revealed a detection rate of 89%, which is more stream-
lined than PTT testing and allows for automation.23 Various
mutation scanning techniques of NF1 genomic DNA or
cDNA are employed by clinical laboratories, including 
denaturing high-performance liquid chromatography
(DHPLC), temperature gradient gel electrophoresis
(TGGE), single-strand conformation polymorphism
(SSCP), and heteroduplex analysis (HA) (see chapter 2).
Although high detection rates are reported in the literature
using DHPLC (72–95%),24,25 it is important to realize that
the detection rates for mutation scanning protocols will be
laboratory specific due to the degree of optimization of the
specific technique. A survey of clinical laboratories is rec-
ommended prior to sample submission. DHLPC has the
advantages of using genomic DNA and high-throughput
capability compared to the cDNA/gel-based PTT; however,
a recently reported high-throughput PTT may be available
for clinical testing in the future.26

Interpretation of Test Results

The detection of a truncated neurofibromin polypeptide by
PTT can result in false positives.21 High specificity requires
identifying the underlying mutation at the genomic DNA
or cDNA level, or both, since false positives can arise during
sample handling (see Laboratory Issues below). The inter-
pretation of missense and subtle in-frame alterations as 
pathogenic mutations rather than neutral polymorphisms
is complicated by the lack of a functional assay for
neurofibromin.Apparent recurrence of a putative mutation
requires careful study of the literature, since not all NF1
mutation studies sequenced the entire gene. No compre-
hensive NF1 mutation database is available; however, some
mutations have been submitted to the Human Gene 
Mutation Database (http://archive.uwcm.ac.uk/uwcm/mg/
hgmd0.html), and the largest NF1 database is actively
managed and analyzed by Jan Friedman (http://www.
medgen.ubc.ca/friedmanlab/).

Although most likely rare, affected family members with
different independent NF1 inactivating mutations have

been reported,27 presumably a reflection of the high muta-
tion rate of the gene (~105/gamete/generation). The inter-
pretation of FISH with NF1 probes can be complicated by
mosaicism for an NF1 microdeletion; therefore, an appro-
priate number of cells must be analyzed.16 The frequency
of mosaicism for an NF1 mutation is not known; however,
this is likely the underlying mechanism for patients with
segmental or localized signs of the disorder.

Laboratory Issues

Optimal detection of mutations that predict a truncated
neurofibromin polypeptide occurs when the nonsense-
mediated decay pathway is partially inhibited, thereby
increasing the ratio of mutant transcripts with a premature
termination codon to normal transcripts. A protein syn-
thesis inhibitor, such as puromycin, in the culture medium
is effective for Epstein-Barr virus (EBV)-transformed lym-
phoblasts or phytohemaglutinin-stimulated primary lym-
phocytes.21,28 Furthermore, blood handling and shipping
protocols must be used to reduce false positives in PTT
resulting from environmental effects such as cold shock29

or delay in messenger RNA isolation.21,28

There is no standardized proficiency program of
interlaboratory comparison for NF1 testing. Perform-
ance assessment must be conducted by participation in
ungraded proficiency survey programs, split sample analy-
sis with other laboratories, or other suitable and docu-
mented proficiency-testing methods. No NF1 testing kits,
probes, or controls are approved or cleared by the Food and
Drug Administration. Intronic primers for amplification of
NF1 exons and associated splice junctions that apparently
do not coamplify the NF1 pseudogene fragments have 
been reported.23,30 Two other factors require consideration
during test development and interpretation. Reports in
support of,31 and in opposition to,32 an apparent tandem
duplication of the NF1 gene region have been published.
In addition, transcriptional activity from NF1 pseudo-
genes or pseudogene fragments has been reported.33

Some issues related to NF1 testing have been reviewed
recently.34

NEUROFIBROMATOSIS TYPE 2

Molecular Basis of Disease

The development of bilateral vestibular schwannomas is a
hallmark of neurofibromatosis type 2 (NF2). Other com-
monly associated tumors include schwannomas of other
central, spinal, and peripheral nerves and meningiomas
(reviewed in References 1 and 35 to 38). This is a life-
threatening disorder due to the location of the tumors,
along with the propensity for development of multiple
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tumors. Most patients become completely deaf and can
have poor balance and vision, and weakness. The mean age
of onset is 18 to 24 years and the mean age of death is 36
years. The age at onset of symptoms and age at diagnosis
are predictors of vestibular schwannoma growth rates 
and risk of death (Reference 39 and references therein).
Ependymomas and astrocytomas occur less frequently and
are usually indolent central nervous system tumors.
Patients affected with NF2 are at minimal increased risk for
malignancy. Juvenile posterior subcapsular cataract is a
common nontumor manifestation. The disorder may be
underdiagnosed in children who present with ocular and
skin manifestations. Early diagnosis improves manage-
ment, which is primarily surgical and radiological.
Modifications to the criteria for a diagnosis of NF2, initially
established by the 1987/1991 National Institute of Health
Consensus Conference, have been proposed to increase the
specificity.40 A consensus statement on management of the
NF2 patient and family was recently published.41

NF2 is caused by haploinsufficiency for the tumor sup-
pressor merlin (also known as schwannomin), the protein
product of the NF2 gene (Table 21-1). About one half of
patients are the first case of NF2 in the family. These spo-
radic cases result from de novo mutation of the NF2 gene,
a significant fraction of which are postzygotic mutations
that result in mosaicism. The majority of constitutional
germline mutations are private, predict the truncation of
merlin, and are distributed throughout the gene (see Clini-
cal Utility of Testing below). In NF2 patients, a vestibular
schwannoma develops from a progenitor Schwann cell that
carries a somatic inactivating mutation in the single
remaining NF2 gene. Merlin is a protein of the cytoskeleton
whose normal function remains to be determined, although
it is known to associate with transmembrane proteins
important in adhesion, proteins involved in signaling path-
ways, and cytoskeletal proteins (reviewed in Reference 42).

Clinical Utility of Testing

DNA-based clinical testing for NF2 is available (see
GeneTests, http://www.genetests.org) and primarily is used
for presymptomatic testing of at-risk individuals, typically
young children of an affected parent. An early diagnosis of
NF2 may improve outcome, and at-risk children who did
not inherit the NF2 mutation can be spared worry, costly
brain imaging, and audiologic screening. Genetic counsel-
ing is recommended prior to testing presymptomatic at-
risk children. Testing also is useful to confirm a clinical
diagnosis, which may be most helpful in sporadic cases of
NF2, particularly children who present with ocular or skin
manifestations or adults with equivocal findings or mild
disease. Some of these cases may be mosaic for an NF2
mutation, as the estimated frequency of mosaicism is 
high (16.7% to 24.8% of sporadic cases).43 Genetic coun-
seling regarding the clinical and reproductive implications

of NF2 mosaicism is recommended.17 Testing also is useful
for reproductive counseling and prenatal or preimplanta-
tion diagnosis.44 Prenatal diagnosis of NF2 using amnio-
cytes or chorionic villus tissue is available only in cases
where the pathogenic NF2 germline familial mutation (or
predisposing haplotype in the case of linkage testing) has
been identified previously in an affected parent. For preim-
plantation genetic diagnosis, the specific parental NF2
mutation must be known. Prepregnancy planning is
important for couples considering prenatal diagnosis or
preimplantation diagnosis. For sporadic NF2 patients
undergoing surgery, it is advisable to freeze a portion of the
tumor, which may be valuable at a later date for mutation
identification if the patient is mosaic.

The primary genetic counseling issues regard predicting
the course of the disorder and recurrence risks. There are
genotype-phenotype correlations, but they cannot predict
the age of onset or the course of disease for an individual
patient. About 50% of NF2 mutations are nonsense or
frameshift, with about 24% splice site, 11% to 30% submi-
croscopic deletion, and 5% missense.45 Typically, constitu-
tional frameshift and nonsense mutations are associated
with more severe NF2, defined by earlier age at onset and
higher frequency and mean number of tumors.46,47 Consti-
tutional missense and small in-frame mutations are asso-
ciated with mild disease,47 and mutations in splice donor
and acceptor sites result in variable clinical outcomes.48

Interestingly, individuals with NF2 splice-site mutations in
exons 1 through 5 have an earlier age at onset and greater
numbers of intracranial meningiomas compared to those
with splice-site mutations in exons 11 through 15 (Figure
21-1b).45 The type of constitutional germline NF2 mutation
also is correlated with the number of NF2-associated non-
vestibular nervous system tumors including intracranial
meningiomas, spinal tumors, and peripheral nerve
tumors.39 Individuals with constitutional nonsense or
frameshift NF2 mutations have significantly more of these
tumors than individuals carrying missense, splice-site, or
deletion mutations or somatic mosaicism.

Recurrence risks for asymptomatic parents of an
affected child are unknown but are somewhat greater than
the population risk, due to the possibility of germline
mosaicism in a parent.49 For mosaic patients, the risk of
transmitting NF2 to offspring is ≤50%, depending on the
proportion of gametes that carry the NF2 mutation.17 Off-
spring that do inherit the mutation, however, will have a
constitutional NF2 mutation and may have more severe
disease than their mosaic parent. Testing asymptomatic
parents of a child with NF2 has the potential to identify a
mosaic mutation.

Available Assays

Mutation of the NF2 gene is the only known cause of this
disorder. Linkage analysis is clinically available for at-risk
individuals and fetuses with multiple family members of
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unambiguous clinical status regarding NF2 disease who 
are willing to participate in the testing process. The avail-
ability of highly informative intragenic NF2 polymor-
phisms increases the specificity of this method. For certain
families, linkage analysis will be the most cost- and 
time-effective test that gives a definitive diagnosis. It can 
sometimes be an option when mutation-scanning or
sequencing test results are negative. See “Interpretation of
Test Results,” below, for cautions regarding linkage test
interpretation.

Identifying an NF2 mutation typically requires a multi-
pronged testing protocol due to the high frequency of
private constitutional mutations, the high frequency of
postzygotic mutations, the different types of NF2 muta-
tions, and the distribution of mutations throughout the
gene. Wallace et al.50 describe a comprehensive testing
service that includes four PCR reactions using a meta-PCR
technique to link the amplicons into chimeric concatemers
for direct sequencing, gene dosage PCR for deletions, loss
of heterozygosity (LOH) studies, and subsequent sequenc-
ing of the gene in tumor tissue. In prospective studies, this
approach yielded an 88% detection rate in familial NF2
cases and a 59% detection rate in sporadic NF2 cases.
Direct sequencing or exon-scanning techniques (e.g., SSCP,
TGGE, and HA; see chapter 2) of DNA from peripheral
leukocytes, followed by direct sequencing to identify the
underlying NF2 mutation, generally have a lower detection
rate.46,47,51–53 The detection rate of either sequencing or exon
scanning methods is significantly lower (34–51%) in spo-
radic cases in part due to the high frequency of postzygotic
NF2 mutations, which can be masked by the presence 
of normal alleles.47,48,51,53 The mutation detection rate of
mosaic cases can be increased significantly by analysis of
tumor tissue.

Because schwannomas are clonal tumors with minimal
cellular admixture, NF2 mutations can be detected at high
frequency in tumor tissue. Testing of tumor tissue is avail-
able clinically (see GeneTests, http://www.geneclinics.org/)
and is most useful in cases where a mutation is not detected
in primary lymphoblasts, where clinical manifestations are
suggestive of somatic mosaicism, or where constitutional
tissue is not available.43,50,53 Moyhuddin et al.53 nearly
doubled the mutation detection rate among mosaic cases
using vestibular schwannoma tissue rather than peripheral
leukocytes. Mutations are likely to be germline (rather than
somatic) if the identical mutation is detected in two or
more pathologically or anatomically distinct tumors or if
a tumor shows LOH for NF2 intragenic or flanking loci,
while constitutional tissue is heterozygous at these loci.
Mutational analysis of tumor tissues is expected to have the
greatest sensitivity for NF2 somatic mosaic mutations43

and sporadic cases with negative results from mutation
scanning or sequencing tests.54

Efficient detection of the 11% to 30% of constitutional
NF2 deletions (typically multiexonic in nature) has 
been accomplished using numerous techniques, including
FISH, various gene dosage PCR assays, multiplex ligation

probe amplification (MLPA), and high-resolution genomic
arrays.53,55–57

Note that for mutation scanning tests and deletion-
detection assays, detection rates will be laboratory specific
due to the varying degrees of optimization of the tech-
nique; therefore, a survey of testing laboratories is recom-
mended prior to sample submission.

Interpretation of Test Results

Interpretation of the results of exon-scanning tests requires
identifying the underlying NF2 mutation at the genomic
DNA or cDNA level, or both, to avoid false positives. Func-
tional assays for merlin have been developed that can
provide insight into the interpretation of missense and
subtle in-frame alterations as pathogenic mutations rather
than neutral polymorphisms;58–60 however, such assays may
not be part of a clinical testing protocol. An international
NF2 mutation database is available (Neurofibromatosis 2
Mutation Databases, http://uwcmml1s.uwcm.ac.uk/uwcm/
mg/nf2/), and this site also recognizes the United Kingdom
population-based registry. Some mutations are also 
detailed in the Human Gene Mutation Data-base Cardiff
(http://archive.uwcm.ac.uk/uwcm/mg/hgmd0.html).
Somatic mosaicism or NF2 gene deletions must be consid-
ered in patients who have a negative mutation test using
DNA from peripheral leukocytes, regardless of the severity
of their manifestations. The risk of recurrence from mosaic
parent to offspring is considered very low if an NF2 muta-
tion cannot be identified in the parent.53 NF2 linkage tests
should consider excluding the first affected member in a
family; if they are mosaic, the linkage results will be mis-
leading in the next generation.61 For similar reasons, linkage
analysis for presymptomatic testing of subjects in this
“next” generation should be performed with caution.

Laboratory Issues

There is no standardized proficiency program of interlabo-
ratory comparison for NF2 testing; performance assess-
ment must be conducted by participation in ungraded
proficiency survey programs, split sample analysis with
other laboratories, or other suitable and documented
proficiency-testing methods. No NF2 testing kits, probes, or
controls are approved or cleared by the Food and Drug
Administration. Direct gene sequencing may not be the
optimal test to detect NF2 mosaic mutations in lym-
phoblasts, since reliable detection of a low-level point muta-
tion will be difficult. Exon-scanning techniques that are
semiquantitative, such as TGGE, will detect relative inten-
sity differences between heteroduplexes and homoduplexes
that suggest possible mosaicism.51 Depending on age,
fixation, and storage conditions, some tumors may not 
yield nucleic acid of sufficient quality for mutational 
analysis.
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Chapter 22
TP53Mutation and Li-Fraumeni Syndrome
Sydney D. Finkelstein and Frank S. Lieberman

responsiveness. This chapter briefly describes these ana-
lytical techniques and their current and potential future
application. The discussion focuses mainly on practical
testing for this gene and also comments on the LFS and its
clinical detection.

Molecular Aspects of TP53

TP53 is a 393-amino-acid nuclear phosphoprotein encoded
by a gene with 11 exons and measuring 53 kDa in size,
hence the designation TP53.16,17 The first exon of the TP53
gene is noncoding and separated from the remaining ten
coding exons by a large intron. The gene is situated on
chromosome 17 at 17p13. The protein is highly conserved
across vastly different species, in keeping with a funda-
mental role in cell growth and its regulation. The full
genomic DNA sequence of TP53 is readily available in a
variety of data repositories. Numerous excellent reviews
have been published discussing the structural, functional,
and clinical aspects of TP53 and its role in human 
cancer.1–5,18–24

Transcriptional control of TP53 is complex and includes
two separate promoter regions situated in the 5′ nontrans-
lated region as well as in the first intron of the gene.12–15 TP53
is biologically highly pleiotropic with respect to its role in
various aspects of cell homeostasis, including both tran-
scriptional dependent and independent mechanisms for
regulation of gene expression. Important downstream inter-
mediates for TP53 action include GADD45, critical in DNA
damage repair; P21waf-1, which is a cell-cycle-dependent
kinase inhibitor; MDM2, responsible for self regulation of
TP53; and BAX protein, involved in cellular apoptosis.1–8 This
represents only a short list of critical growth regulatory 
and cell differentiation genes under the partial or total
control of TP53. It is clear given TP53’s ubiquitous interac-
tion with many diverse cellular pathways that significant
derangement in growth control and cancer development
should follow mutational damage to this important regula-
tory gene.
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Preeminent among human tumor suppressor genes in
functionality and importance is TP53, reflected by its 
well-recognized characterization as “guardian of the
genome.”1–5 TP53 is perhaps the most intensively studied
human-cancer-associated oncoprotein, in keeping with its
protean effects on critical cellular pathways, including
transcriptional control of gene expression, cell cycle pro-
liferation, DNA repair, apoptosis, and cellular maturation
and differentiation.6–8 Mutational damage to TP53 is the
single most common cancer DNA alteration, having been
observed in more than 50% of all human cancers.9 Detec-
tion of TP53 mutation is now performed for several clini-
cal indications including assessment of tumor biological
aggressiveness, discrimination of tumor recurrence 
versus de novo cancer formation, determination of tumor
anaplasia, and as part of a search for germline inherited 
mutational change associated with heightened cancer 
susceptibility.10,11 The emerging diagnostic and prognostic
role attributed to TP53 mutation detection justifies testing
in selected patients as part of the clinical molecular pathol-
ogy workup of human cancer.

Soon after its initial molecular description, germline
inheritance of TP53 mutations was sought and found in
families exhibiting a high susceptibility to cancer forma-
tion.12–15 Known as the Li-Fraumeni syndrome (LFS; Online
Mendelian Inheritance in Man [OMIM; database online]
#151623], constitutional transmission of TP53 mutations is
a well-recognized, though relatively uncommon, form of
inherited predisposition for cancer development.12–15 While
much remains to be learned regarding the frequency of
germline passage of TP53 mutations in the general popu-
lation and the relationship between specific forms of muta-
tional damage and phenotypic expression of cancer, a
variety of methods exist for the detection of TP53-related
genomic damage. These methods utilize different analyti-
cal techniques for molecular characterization and, when
used in conjunction with one another, can provide accu-
rate, detailed, and validated data to identify and follow
patients at risk for subsequent cancer occurrence as well 
as to further characterize cancer growth and treatment
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Figure 22-1. Missense point mutation in TP53 exon 7. The arrow
points to a G-to-A mutation in the DNA sequence, leading to insertion
of an incorrect amino acid in the corresponding position in the
protein. While only one copy of the gene is affected, biallelic inactiva-
tion is very likely to be present, leading to a loss of tumor suppressor
function in the affected cell.

1a

1b

2a

2b

Figure 22-2. Allelic imbalance analysis is a highly accurate and
sensitive method for determination of genomic deletion. Note
the very close replication of samples performed in duplicate (1a
and 1b; 2a and 2b). The degree of imbalance as determined by
the ratio of peak heights is a measure of mutated tumor cell
content in the sample.

Table 22-1. Microdissection Genotyping of High-Grade Glioma
Brain 1p 1p 1p 1p 3p26 3p26 5q23 5q23 9p21 9p21 10q23 10q23 17p13 17p13 17p13 19q 19q
Neoplasm D1S MYCL D1S D1S D3S D3S D5S D5S D9S D9S D10S D10S D17S D17S D17S TP53 D19S D19S
Genotyping 407 5NT 1193 1172 1503 2303 592 615 254 251 520 1173 974 1289 1303 I1 400 559

Nonneoplastic I I NI I NI I I NI I I I I NI I NI I I NI
brain tissue

High-grade LOH LOH NI LOH NI NO LOH NI NO NO NO NO NI LOH NI LOH LOH NI
glioma, S S L LOH S LOH LOH LOH LOH S L S
area 1

High-grade LOH LOH NI LOH NI NO LOH NI LOH NO NO NO NI LOH NI LOH LOH NI
glioma, S S L LOH S L LOH LOH LOH S L S
area 2

High-grade LOH LOH NI LOH NI NO LOH NI NO LOH NO NO NI LOH NI LOH LOH NI
glioma, S S L LOH L LOH S LOH LOH S L S
area 3

High-grade LOH LOH NI LOH NI NO LOH NI NO NO NO NO NI LOH NI LOH LOH NI
glioma, S S L LOH L LOH LOH LOH LOH S L S
area 4

I, informative microsatellite marker; NI, noninformative microsatellite marker; NO LOH, no significant allelic loss demonstrated; LOH S, significant
allelic loss affecting the shorter polymorphic microsatellite allele; LOH L, significant allelic loss affecting the longer polymorphic microsatellite allele.
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Mutational damage to TP53 is the single most common
human cancer alteration currently known.9 Mutations of
the gene can be detected in more than 50% of tumors of
diverse histologic type, including carcinomas of various
organs, sarcomas, cerebral gliomas, and hematopoietic
malignancies (Figure 22-1).9 Mutational damage itself can
take many different forms but most often consists of mis-
sense point mutations leading to amino acid substitutions
within highly conserved domains in the protein.9 More
than 95% of such point mutations are situated in the region
spanning amino acids 91 through 309.1–5 While missense
mutations are typical of gene damage, alternative forms of
DNA change also can be seen, including nonsense point
mutations, deletions, insertions, and rearrangements.1–5

Shown in Figure 22-1 is an example of a point mutation in
a high-grade cerebral glioma. The frequency of different
patterns of mutational damage varies according to the
specific form of cancer being investigated. In certain
instances there appears to be a very close relationship
between the precise pattern of mutational damage and
cancer etiology and histopathologic type. For example,
missense mutations involving codon 249 leading to substi-
tution of arginine by serine are closely tied to development
of hepatocellular carcinoma in Asian and African patients.
This form of damage is believed to be mediated by aflatoxin
exposure.25 Similarly, point mutations affecting codon 337
with substitution of arginine by histidine are seen in a high
proportion of Brazilian patients with adrenocortical carci-
noma. While an environmental toxin is suspected, its exact
nature is unclear at this time.26

In contrast to this highly precise pattern of gene damage
in specific forms of TP53-associated human cancer, most
malignancies seen in the West do not show such a pre-
dictable relationship between TP53 mutational change and
cancer type. Mutational alterations can be encountered
throughout exons 2 to 10, which necessitates a broad geno-
typing strategy for mutation detection. While mutation
localization within the gene can be wide, certain hotspots
for point mutation occurrence are well recognized and
include codons 175, 245, 248, 252, 258, 273, and 282.6–8 To
assist in the collection and analysis of both common and
uncommon forms of mutational damage, a variety of
online databases can be easily accessed for reference.27 The
largest of these is maintained by the International Associ-
ation for Research on Cancer, based in Lyon, France.28 This
database has recently been updated and includes more
than 16,000 human cancers evaluated in detail for TP53
mutational change. The database also provides valuable
information on more than 200 germline TP53 mutations
(see discussion on LFS, below) as well as detailed informa-
tion on DNA single-nucleotide and microsatellite tandem
repeat polymorphisms.27

After initial mutation of the TP53 gene, acquired in most
instances as a somatic alteration and less frequently as an
inherited constitutional alteration, additional DNA struc-
tural damage is acquired that eliminates all functional
protein derived from the remaining unaffected allele

(Figure 22-2).1–5 This is the predictable two-step process
initially described by Knudson29–31 and shown to be 
operative for many tumor suppressor genes, including
retinoblastoma and Wilms tumor genes.29–31 The second
event can take many different forms; however, most often
it involves genomic deletion of the unaffected normal allele
as an aberration during cell proliferation. The result of
the two-step process is a complete lack of functional 
TP53 protein within the affected cell. This in turn is
believed to confer significant growth advantage con-
tributing to clonal expansion and further acquisition 
of somatic mutations targeting other growth regulatory
genes (Figure 22-2). Allelic loss can be measured using
simple techniques as shown in Figure 22-2 and described
in Table 22-1.

The temporal relationship of the two steps can vary
greatly in duration. In the case of inherited germline 
mutations of TP53 (LFS), the interval can be 50 years or
greater. In contrast, for most somatically acquired cancers,
the two steps follow each other quickly in time. Critical
events likely responsible for cancer phenotypic properties
usually place TP53 mutational damage as causally respon-
sible for the transition from high-grade dysplasia 
(partial loss of growth control) to frank malignancy 
(total loss of growth control).6–8 This has been well 
documented in colon cancer as well as many other forms
of human malignancy.6–8 From an analytical perspective,
the presence of a second step assuming the form of a
genomic deletion provides an alternative means to formu-
late testing designed to detect and characterize TP53
mutational damage (Figure 22-2). This testing can be
applied clinically to address specific clinical issues involved
in the diagnosis of and treatment planning for cancer
patients.

LI-FRAUMENI SYNDROME

Li-Fraumeni syndrome (LFS) is a rare, autosomal domi-
nant, inherited cancer susceptibility disorder first reported
in 1969.32 While the disease has been attributed to germline
mutations in TP53, not all affected subjects consistently
manifest evidence for such mutational damage. When nar-
rowly defined in strict terms as described below, more than
70% of individuals will reliably exhibit TP53 point muta-
tions that in turn can serve as the basis for testing of other
family members for cancer susceptibility risk.33 When the
criteria for inclusion in this syndrome are relaxed, so called
Li-Fraumeni-like syndromes (LFL), only 20% of affected
individuals have evidence of TP53 mutation.33 Thus,
TP53 must be regarded as only one of an increasing
number of known cancer-associated gene alterations
responsible for increased cancer susceptibility in the
human population.

LFS is noted for the diversity of cancer types within fam-
ilies and even within the same individual over time that 
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frequently cross histogenetic cell types. The most com-
mon forms of LFS malignancies include sarcomas, breast
cancer, central nervous system gliomas, and hematopoietic
neoplasms, most notably acute lymphocytic leukemia and 
different types of lymphomas.33 Of particular note is the
presence of adrenocortical carcinomas that, when present
in a young person, should raise concern for the diagnosis
of LFS. While the overall burden of multiple synchronous
or metachronous tumors is not as great as with other 
forms of inherited cancer susceptibility (i.e., adenomatous
polyposis coli, hereditary nonpolyposis colon cancer,
BRCA1, and BRCA2), subjects can manifest multiple 
independent primary neoplasms. The early detection 
and characterization of independent cancer formation is
an important element in the overall cancer surveillance 
and management of LFS patients and their family
members.

Varying criteria have been used to define LFS. The
strictest definition requires the occurrence of a sarcoma in
a patient under 45 years of age in concert with a first-
degree relative having either cancer of any type before age
45 or any form of sarcoma irrespective of age.34,35 Using
these clinical criteria, more than 70% of patients will have
a germline mutation in TP53.34,35 Family members with
TP53 mutation have a 50% risk for developing cancer by
age 30 that then rises to 90% by age 70. When criteria for
inclusion in LFS are relaxed, the incidence of demonstra-
ble TP53 mutations correspondingly decreases. This 
observation, together with a failure to document TP53
mutations in a minority of otherwise classic LFS patients,
suggests involvement of alternative genes operating in
TP53 functional pathways as primary targets for germline
mutational damage. It has become clear that inability to
detect the presence of a TP53 mutation does not exclude
the diagnosis of LFS or LFL syndromes. The latter 
have been increasingly recognized as having a complex 
mutational basis targeting one or even several interac-
tive cancer-associated genes. Further ongoing research 
is designed to improve our understanding of the 
genetic basis of this important cancer susceptibility 
syndrome.

Initial studies in LFS families suggested the presence of
a narrow range of point mutational damage involving TP53
exon 7.36–38 As additional affected kindreds have been char-
acterized, the range of specific germline mutations has
expanded to include virtually the entire coding region of
the gene. While certain hotspots associated with LFS are
recognized, that is, codons 248, 252, and 258, testing for
potential genomic involvement in an individual patient
should not be limited to these codons. Any analysis for LFS
or a related inherited cancer-susceptibility disorder should
be done in concert with trained genetic counselors as part
of a multidisciplinary team cognizant of the many chal-
lenges faced in the detection, evaluation, and management
of affected individuals. Test results will significantly impact
not only the affected patient but also many proximal and
distal family members.

TP53Mutation as a Predictor of Cancer
Biological Aggressiveness

While approximately 50% of all human cancers mani-
fest evidence of TP53 mutations, the alterations tends to be
closely associated with tumors manifesting histopathologic
or clinical features, or both, of increased biological aggres-
siveness.39–42 For example, well-differentiated forms of cere-
bral gliomas, that is, pilocytic astrocytomas, typically lack
evidence of TP53 mutations. In contrast, when TP53
mutations are seen in gliomas, the tumors tend to be high
grade in cellular appearance and classified as anaplastic
astrocytomas or glioblastoma multiforme.43–45 Thus, a 
search for TP53 mutations in this tumor type can assist in
the classification of human gliomas according to degree of
expected biological aggressiveness. Discrimination between
well-differentiated or low-grade forms of human gliomas
and anaplastic or high-grade forms of gliomas is a most
important and fundamental goal of surgical pathology eval-
uation of glial neoplasms. Methods to detect TP53 mutations
become an important parameter on which to base this 
distinction.

Approximately 50% of pulmonary epithelial cancers
acquire TP53 mutations during the course of tumor growth
and progression. Several series have shown that disease-
free and overall survival correlate inversely with the pres-
ence of TP53 mutations.46–48 Of note in this regard is the
finding that small-cell neuroendocrine carcinoma of the
lung, one of the most aggressive forms of human cancer,
displays a very high rate of TP53 mutation in excess of 90%
of affected patients. Non-small-cell forms of lung cancer,
which are intermediate in tumor biological aggressiveness,
manifest a lower rate of TP53 mutation, of approximately
50%.46–48 Well-differentiated forms of lung cancer, for
example, bronchoalveolar cell carcinoma, rarely show 
evidence of TP53 mutation.46–48 These findings, demon-
strated in pulmonary neoplasia but proven for many other
forms of human cancer, support the close relationship
between TP53 mutation acquisition and increased tumor
biological aggressiveness. The data underscore the increas-
ing role played in diagnostic pathology to characterize and
classify neoplasms not solely on microscopic appearance
but also according to critical forms of genetic damage held
to be causally related to tumor biological aggressiveness.

Available Assays

Given the knowledge that TP53 point mutations can occur
throughout the coding region of the gene, a rigorous
approach to mutation detection is recommended to effec-
tively identify mutations in tumors of individual patients.
In the past, the mutation testing was often limited to
certain hotspots to simplify the analysis or minimize the
cost of testing, or both. Given that a significant minority of
patients with otherwise classic features for LFS will fail to
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have identifiable TP53 point mutations and that overlap-
ping syndromes involving related genes may account for 
a subset of TP53-like effects, a thorough analysis of the
gene for mutations becomes important in the diagnostic
workup. Recently, a number of uncommon TP53 mutations
have been reported targeting the 5′ nontranslated region,
intron 1 promoter regions, and other sites not directly
responsible for coding of amino acids.49–51 This has led to
the use of ancillary tests in addition to DNA sequence
analysis to better identify TP53 mutations.

The gold standard for TP53 mutation detection centers
on determination of precise DNA sequence changes
throughout the gene (Figure 22-1). The most commonly
used method to achieve this goal is sequencing of PCR
products from the coding portion of the gene. When
applied to DNA extracted from fresh specimens in the form
of fluid, blood, cells, or tissue samples, this can be carried
out using a relatively small number of individual nucleic
acid amplification reactions followed by sequencing using
automated high-throughput equipment. The result is a
timely, reliable, and detailed sequencing of the gene at rel-
atively low cost and effort. Under these conditions, either
DNA or RNA can be collected in abundant amounts to
serve as starting material for DNA sequencing.52,53 The
availability of chip-based approaches using sequencing by
hybridization also can rapidly deliver reliable results.52,53,54

While the latter technique is highly specialized and not as
widely available, submission of specimens for referral lab-

oratory testing can be accomplished saving the user the
effort needed to develop these assays.

As indicated above, a negative result for TP53 mutations
does not completely exclude the possibility of structural
damage to the gene. Regions of the gene not analyzed by
the specific testing method may be affected. Alternatively,
associated proteins linked closely to TP53 function may be
mutated. The significance of these changes will increase as
our understanding of TP53 and its interaction with other
cellular proteins is better understood.

The use of fixative-treated cancer tissue, rather than
fresh or frozen tissue, for TP53 mutation analysis is chal-
lenging (Figure 22-3). Such specimens often are the only
available tissue on which a diagnosis of LFS can be con-
firmed. Alternatively, one may be searching for TP53 point
mutations on a fixative-treated cancer specimen for the
purpose of characterizing tumor biological aggressiveness
or establishing relatedness to other sites of cancer forma-
tion. Solid tumor tissue specimens typically are complex 
in topographic cellular heterogeneity. Careful, detailed 
histologic study is required as a preliminary step to iden-
tify important sites for mutational analysis (Figure 22-3).
Careful attention must be given to the microscopic appear-
ance of the specimen to focus the TP53 mutation analysis
on the most representative lesional sites. The specimen
itself may be small in size, as in the form of a biopsy spec-
imen (Figure 22-3). Thus, the desired cells for analysis will
need to be carefully microdissected free of surrounding

Figure 22-3. Tissue microdissection. Note that multiple sites have
been carefully microdissected according to histopathologic features.
Based on the cellular morphologic features, the very best samples are col-
lected for mutation determination. The tumor has been microdissected
at multiple locations to best understand intratumoral heterogeneity. This
approach is capable of delineating the temporal sequence of mutation 
acquisition.
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normal supporting cells containing wild-type TP53. Inclu-
sion of supporting cells will dilute the potentially mutated
cell population and interfere with the ability to detect
somatically acquired TP53 mutations.

TP53 mutation detection on DNA from fixed tissues
demands a different approach than that used when dealing
with fresh, abundant cellular material. Tissues subjected 
to chemical fixation undergo degradation of RNA and
chemical modification of DNA. Under these conditions,
comprehensive sequence determination will entail greater
effort, including multiple nucleic acid amplification reac-
tions of individual exons. Chemical fixation limits the
capacity to effectively generate amplicons that are more
than 200 base pairs in length.52,53 While several TP53 exons
are below 200 base pairs in length, some are in excess of
this upper limit and require polymerase chain reaction
(PCR) amplification in two or more individual reactions. A
concern has been raised that chemical fixation can induce
base modifications and lead to false-positive detection of
point mutations.55 This criticism has proven to be more
theoretical than real and can be addressed by replicative
analysis included as part of the internal quality control
measures in the testing of fixed, microdissected tissue
specimens.55

Alternative TP53 mutation detection methods exist and
have the potential to contribute meaningful information to
validate and further define neoplastic progression. The
simplest ancillary tool in this regard is TP53 immunohis-
tochemical staining (Figure 22-4). Most missense point
mutations interfere with the ability of TP53 protein to
undergo effective DNA binding, thereby abrogating its
capacity for transcriptional control. At the same time, the
half-life of the mutant protein is significantly increased
over that of wild-type protein, leading to TP53 accumula-
tion in nuclei of affected cells (Figure 22-4). The presence
of diffuse, strong positive staining of tumor cell nuclei
using immunohistochemical staining for TP53 provides a

simple and highly affordable means to infer the presence
of TP53 mutations. This approach must be used cautiously
as both false-positive and false-negative staining can be
encountered (see Quality Control and Laboratory Issues
below).

As is true for many tumor suppressor genes, TP53
undergoes a two-step process of mutation followed by loss
of the residual unaffected allele, culminating in complete
absence of effective wild-type protein in tumor cells.1–5 The
second step of allelic loss tends to encompass the entire
normal allele and in so doing also results in the loss of
genomic DNA adjacent to the gene itself.6–8 Simple and sen-
sitive methods, unrelated to direct sequence analysis, exist
to detect this second event. These methods are based on
DNA polymorphisms that are abundant throughout the
genome in the form of single nucleotide polymorphisms
(SNPs) or microsatellite tandem repeat polymorphisms
(Figure 22-2). Given the interest in TP53 as a preeminent
tumor suppressor gene, a detailed understanding of poly-
morphisms in the region of TP53, both intragenic as well
as outside the gene, exist that can be used in the design 
of allelic imbalance analysis. Most important, allelic loss
infers the presence of point mutation damage irrespective
of the precise location of the initial point mutation event.
This is most advantageous since it provides an independ-
ent technique to assay for the presence of mutational
change and is not limited by uncommon positioning of
point mutations.

An example of TP53 allelic loss from microdissected
tissue targeting tetranucleotide repeat polymorphisms
located in close proximity to TP53 as well as other genes is
shown in Figure 22-2 and Table 22-1.56 This approach,
employing microsatellites, is especially appealing because
it requires only a small amount of DNA per reaction and
uses a short amplicon length for quantitative assessment 
of the desired tandem repeat. As such, it is ideal for testing
of microdissected, small, fixative-treated tissue samples
(Figure 22-3).

Theoretically, microsatellite analysis of nonneoplastic
tissue should yield polymorphic microsatellite amplicons
that are equal to each other in amount. In practice, such a
perfect relationship between amplified polymorphic alleles
is not usually attainable. The reasons for lack of exactly bal-
anced allelic content in nonneoplastic tissue are manifold
but center on variations secondary to tissue-sectioning
effects and slight differences in initial PCR amplifiability of
individual alleles in any given tissue section, as well as dif-
ferences in PCR efficiency in amplifying alleles of different
size. This in turn entails defining thresholds for significant
allelic imbalance beyond which definitive allelic loss is
confidently predicted to exist (Figure 22-5). The threshold
we have conservatively chosen utilizes an allele ratio of
below 0.5 or above 2.00, which would correspond to the
presence of a minimum of 50% mutated tumor cells in a
given microdissected tissue sample (Figure 22-5).

The procedure for allelic imbalance analysis is described
here. Multiple microsatellite loci are amplified from two

Figure 22-4. Immunohistochemistry for detection of TP53 protein. The longer stabil-
ity and half-life of mutant TP53 protein lead to its collection in the cells and capacity for
detection by immunohistochemistry (arrow). While immunohistochemical detection is
sensitive and affords slide-based microscopic analysis, significant false-positive and
false-negative detection is typically encountered, limiting the effectiveness of this
approach. DNA analysis is used to validate immunohistochemical results.
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DNA samples, one from nonneoplastic and the other from
neoplastic microdissected tissue samples. The reactions are
electrophoresed, and the height of each amplicon peak
from each allele is quantified. Nonneoplastic microdis-
sected tissue samples are first analyzed to determine
whether each specific locus is informative, that is, whether
the locus is heterozygous (Figure 22-2), and therefore
useful for analysis in the neoplastic tissue. When a partic-
ular microsatellite marker in a nonneoplastic tissue sample
is homozygous and manifests only a single peak, the
patient is designated as noninformative for that marker.

For informative heterozygous microsatellite markers, the
ratio of the two alleles from the neoplastic tissue DNA is
analyzed. The two alleles are in balance when the ratio of
the individual allele peak heights falls within the range of
0.66 to 1.50. Values beyond this range are classified as
demonstrating allelic imbalance, recognizing the following
two categories. Low-level allelic imbalance is said to exist
when the microsatellite allelic peak height ratios fall into
the range 0.50 to 0.66 or 1.50 to 2.00. High-level allelic
imbalance is said to be present when the allele ratios fall
below 0.50 or above 2.00. To afford a conservative assess-
ment for the presence of allelic loss, only high-level allelic
loss is classified at this time as indicative of mutation.
Using these criteria, it would be necessary for at least 50%
of the cells in any given microdissection target to be
mutated to detect allelic loss. These stringent conditions
are justified given the ability of tissue microdissection to
optimally sample tumor at a particular site coupled with
the desire not to overcall mutational change that may, in
fact, not be present (Figure 22-5).

In selected instances, most often due to small specimen
size, nonneoplastic tissue may not be available. Recourse to
nonneoplastic tissue can be sought in other tissue speci-
mens from the same procedure, prior specimens, or resid-

ual blood samples from the patient. In a small number of
cases, when even these measures do not provide nonneo-
plastic tissue, allelic imbalance can still proceed using
tissue containing a significant admixture of nonneoplastic
cellular elements apparent on histologic examination. Such
samples reliably provide sufficient content of polymorphic
alleles, albeit imbalanced, to ensure accurate determination
of polymorphic marker informativeness. In the few
instances when even these criteria cannot be satisfied,
microsatellites in the form of single peaks are designated
as being noninformative so that allelic loss will not be over-
called. These considerations allow even the smallest of
fixed biopsy specimens to be suitable for TP53 allelic loss
testing.

Having established the presence of allelic imbalance
based on polymorphic allele ratios as described above, the
microdissected sample then is designated as positive for
loss of heterozygosity (LOH) for the particular microsatel-
lite marker (Table 22-1). In addition, the specific deleted
allele is denoted by the designation as either “S” or “L,”
depending upon whether the shorter or the longer allele is
relatively diminished in content in a particular patient.
This is important because the presence of the identical
deleted alleles in different microdissected DNA samples
from the different tumor specimens supports the existence
of the same deletion in all sites of tumor. Similarly, it is 
possible to identify two separate mutations of the same
genomic region in different topographic tissue samples
when deleted alleles are shown to be discordant 
(Table 22-1).

A similar approach can be applied to SNPs, which have
the decided advantage of greater abundance throughout the
genome. Many well-documented SNPs have been reported
within the TP53 gene.27 There is, however, a significant dis-
advantage to the use of SNPs over microsatellites when 

Noninformative vs
total hemizygous loss

Rox size
standard

LOH H LOH L

12B : Sample2/02
12R : Sample2/02

0.5 0.66 1.5 2.0

X < 0.50 0.50 ≤ X < 0.66 0.66 ≤ X ≤ 1.50

Threshold values for allelic imbalance

1.50 < X ≤ 2.00 2.00 < X

No LOH LOH L LOH H

No allelic loss
Positive
allelic
loss

Figure 22-5. Allelic imbalance analysis for determination of loss
of heterozygosity (LOH). The ratio of peak heights of polymorphic
microsatellites is calculated and compared to a database of values
representing the range of values for nonneoplastic samples in the
general population. Peak height ratios falling outside 95% confi-
dence limits represent true imbalance.
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performing allelic imbalance determination of the type
described above. Most microsatellites manifest a high het-
erozygosity rate within the human population, typically
greater than 75%. Thus, more than 75% of patient analyses
may be expected to yield cogent information on the pres-
ence or absence of TP53 allelic loss and by consequence
TP53 mutational change using microsatellite analysis. In
contrast, SNPs show a far more limited degree of heterozy-
gosity among humans, with the availability of only two
alleles for a given polymorphic base. Polymorphic rates for
SNPs are on the order of 20% to 30%, and thus most sub-
jects will prove noninformative with respect to allelic imbal-
ance analysis for a particular SNP. This can be compensated
to a degree by extending the genotyping to additional
markers; however, this may quickly exhaust the available
microdissected tissue for a given case while at the same time 
increasing the overall effort and cost. The use of two or at
most three microsatellite markers within or in close prox-
imity to TP53 is sufficient to confidently determine allelic
imbalance, usually in a replicate fashion, and is therefore
ideally suited for minute microdissected fixed-tissue
samples. The same cannot be said for TP53-associated
SNPs, for which the use of three separate SNP markers may
not prove informative in all patient samples.

A useful potential application of allelic loss analysis as
described above is for positive detection of LFS due to TP53
mutational damage. As stated earlier, even classic forms of
LFS will, in a small proportion of patients, fail to indicate
the presence of a constitutional germline mutation. In
these patients and in subjects with inadequate family his-
tories or patients described as LFL syndromes, the ques-
tion of TP53 mutational change becomes very important.
The mutational status of TP53 becomes an essential ques-
tion to address as completely as possible. If there truly is
no mutation of TP53, efforts can be redirected to muta-
tional assessment of other candidate genes. When no TP53
mutation is identified, there remains a concern that the
TP53 mutation may have been missed for an individual
patient.

Allelic imbalance determination can assist in this prob-
lematic area. If a germline allelic loss is present, then each
individual neoplasm associated with that constitutional
alteration will manifest the same pattern of allelic loss for
TP53. The approach relies on the two-step process of tumor
suppressor gene loss interrogating multiple independent
neoplasms for identity, or concordance, in the pattern of
allelic loss. For this testing to be operative, there must be
multiple independent primary tumors that have proceeded
through the two-step process with allelic loss. Multiple
tumors may come from a single patient either as synchro-
nous or metachronous neoplasms, or multiple tumors may
be gathered from several affected family members. The
greater the number of independent tumors showing the
same pattern of allelic loss, the more confident is the con-
clusion that the patient or family has a germline TP53
allelic loss. When allelic loss for microsatellite markers sit-
uated in proximity to TP53 is found to be discordant—that

is, different alleles are lost in different tumors—germline
allelic loss is not favored. This approach based on search-
ing for concordance versus discordance in the allelic loss
pattern across different tumors provides indirect informa-
tion concerning the presence of inherited germline alter-
ations for tumor suppressor gene mutations such as TP53
in LFS.

Quality Control and Laboratory Issues

DNA sequencing of TP53 has been well studied for detec-
tion and characterization of germline and somatically
acquired mutations. Standard quality measures, such as
sequencing of internal negative and known positive 
controls, should be routinely included. Individual point
mutations, when detected, can be confirmed in replicate
analysis. Techniques such as the use of alternative sequenc-
ing primers or sequencing of the opposite strand provide
strong assurance for analytical accuracy of mutation detec-
tion by sequencing. Advanced techniques such as DNA
sequencing by chip-based hybridization or mass spec-
troscopy may similarly use replicate analysis to confirm the
accuracy of mutation detection. DNA sequencing remains
the gold standard and the procedure of choice for deter-
mination of germline alterations in blood, cellular, or fresh
tissue samples.

For fixative-treated specimens we recommend the use of
microdissection to secure multiple tissue targets for repli-
cate mutational analysis. Sequencing of internally derived
nonneoplastic tissue is essential to control for the effects of
chemical fixation and to control for aberrations suspected
to be related to nucleic acid amplification. We routinely
sample fixed tumor specimens at multiple sites with the
expectation that TP53 point mutations will be the same in
topographically distinct areas and confirm the TP53 muta-
tional status (Figure 22-3). The same mutation may not be
present in multiple areas of the same tumor since somatic
acquisition of TP53 mutations can occur stochastically
across the neoplasm in topographically distinct clonal pop-
ulations of cells. When multiple mutations within the same
tumor can be established, this provides strong support
against the existence of a germline TP53 mutation, that is,
LFS, since a concordant pattern of allelic loss would be
expected not only in all tumors present but also through-
out the full extent of each neoplasm. This approach is 
especially useful in searching for evidence of germline
mutation in tumor suppressor genes associated with
cancer susceptibility. Sampling as many different neo-
plasms from the same patient or from related family
members, or from both, and finding a concordant pattern
of allelic loss support the presence of a germline mutation.

Immunohistochemical staining is a valuable ancillary
tool to use in TP53 assessment and easily can be applied to
fresh as well as fixed archival tissue specimens (Figure 22-
4). A strong diffuse pattern of nuclear staining is strongly
supportive of the presence of TP53 mutation in a tumor
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and as such should correlate well with alternative tech-
niques such as DNA sequencing and allelic imbalance
analysis. Careful attention must be given to variant pat-
terns of staining that can lead to false-positive and false-
negative correlation with TP53 mutation status of the
tumor. Most important is the absence of staining when the
TP53 mutation is a truncating mutation creating a stop
codon or is a frameshift mutation caused by DNA deletions
or insertions. These mutations typically are associated with
absent immunostaining and can easily be misinterpreted
as absence of DNA structural alterations. Truncation-type
mutations are frequent, accounting for more than 30% of
TP53 mutations in certain forms of cancer such as ovarian
epithelial malignancies.57

False-positive immunostaining can be seen secondary to
TP53 hyperexpression, which may be seen in reactive states
such as cellular regeneration or in neoplastic cell prolifer-
ation. TP53 hyperexpression in general produces a staining
pattern that is not usually as strong as that resulting from
missense point mutations. The morphologic distinction
between TP53 point mutation and reactive TP53 hyperex-
pression can be difficult and highly subjective. For these
reasons, TP53 immunostaining alone is inadequate to
properly characterize TP53 mutation status. When exer-
cised with caution, however, TP53 immunostaining can be
a useful ancillary tool.

Probably the greatest limitation in TP53 immunostain-
ing is the variability in extent and intensity of staining 
that often is encountered in neoplastic lesions associated
with incomplete clonal expansion of mutated tumor cells
(Figure 22-6). It is frequently the case that a given tumor
will show an admixture of positive and negative staining
cells with the former varying in the degree of intensity
from intense to pale. The difference cannot be fully
accounted for by variation in nuclear content consequent
to histologic sectioning. Rather, the staining intensity
pattern is likely reflective of an admixture of clonal popu-
lations of tumor cells with varying degrees of capacity for
overgrowth of less aggressive precursor cells. In some cases

a distinct minority cell population with TP53 mutational
change is present in the form of widely scattered strongly
positive tumor cells admixed with other immunostain 
negative cells.10,11 This staining pattern indicates somatic
acquisition of TP53 mutational damage that does not
confer a strong growth selection advantage to the affected
cell population. The correlation between immunostaining
features and careful microdissection with DNA sequencing
and allelic imbalance analysis will enable quality assess-
ment of TP53 mutational damage for individual cases.

TP53 testing for LFS and LFL syndromes requires use of
a comprehensive approach for DNA sequencing that is
especially important when DNA sequencing alone fails to
identify mutations. We recommend the use of allelic imbal-
ance analysis using microsatellites or SNPs of multiple
tumors when present in an individual patient or in several
family members to search for concordant allelic loss for
TP53. The finding of concordant allelic loss provides strong
evidence for the presence of a germline mutation linking
the various independent neoplasms from one or more
related family members. Even in the face of an absence 
of documented TP53 point mutations, the existence of
high concordance rates among associated tumors should
provide sufficient justification to expand the search for
uncommon forms of TP53 mutation.

In addition to its utility in suspected LFS, allelic loss con-
cordance or discordance analysis is a valuable tool for dis-
crimination between de novo primary tumor formation
and tumor recurrence.58,59 TP53 is the most commonly
mutated human cancer gene and as such qualifies for inclu-
sion in genotyping surveys designed to distinguish cancer
recurrence from new cancer formation. Discordance in the
pattern of allelic loss between two neoplasms provides
support that the two tumors may be independent primary
neoplasms. It must, however, be kept in mind that this
assessment must not be limited to only one mutational
marker but rather extended to include a broad panel of
polymorphic markers in the region of the TP53 gene before
a final conclusion is reached.

An example of this type of panel microsatellite marker
analysis is shown in Figure 22-2 and Table 22-1 for a case
of high-grade cerebral glioma. The glioma was microdis-
sected at four locations designated as areas 1 through 4.
Each microdissected tissue sample was analyzed at 18 dif-
ferent polymorphic microsatellite markers, four in close
proximity to TP53, four on chromosome arm 1p, and two
each from regions 3p26, 5q23, 9p21, 10q23, and 19q. Using
nonneoplastic microdissected tissue as an internal source
for nonmutated DNA (topmost lane in Figure 22-2), 12 
of these microsatellite markers are established as being
informative. Three of four TP53 markers are informative.
Six markers situated at 1p, 17p13, and 19q show allelic loss
alterations and are concordant across all four micro-
dissected sites. Single allelic loss alterations at 9p21 were
present only in areas 2 and 3 consistent with somatic acqui-
sition of this mutation focally within the glioma. The final
discordant allelic loss alteration was identified at 5q23, with

Figure 22-6. TP53 immunohistochemistry selectively stains only a subset of the
nuclei in this section. This pattern is difficult to interpret and illustrates the need for more
objective mutation testing by DNA analysis.
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the type of allelic loss alterations being discordant in areas
1 and 2 compared to areas 3 and 4 (Table 22-1). This dis-
cordant pattern of allelic loss suggests independent muta-
tions affecting the same genomic region at 5q23. This
pattern of allelic alteration with a predominance of con-
cordant allelic loss (six of nine total allelic loss events are
fully concordant across all the microdissected tumor areas)
plus additional allelic changes in some tumor areas sup-
ports a single neoplasm with clonal evolution. Early 
acquisition of TP53 mutation is supported by concordant
evidence of allelic loss in all four areas of the glioma. Intra-
tumoral heterogeneity is characterized by a mixture of
concordant and discordant allelic loss (Table 22-1).

Use of TP53 sequencing when allelic loss is demon-
strated can provide compelling evidence to discriminate
between de novo primary tumor formation and tumor
recurrence. Given the great variety of individual forms of
mutational damage, the finding of identical point muta-
tions with concordant patterns of allelic loss establishes the
relatedness of two sites of cancer formation, with one being
the recurrence or metastasis of the other. On the other
hand, discordant point mutations clearly indicate de novo
primary cancer formation provided other markers of
allelic loss also are discordant. The implications for distin-
guishing cancer recurrence from new cancer formation
cannot be overemphasized since the two conditions are
treated very differently, with identification of a new cancer
providing the opportunity for curative measures while a
recurrence is approached with an understanding of
advanced spread of disease.
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complex resembles the SKP1-CUL1-F-box protein (SCF)
ubiquitin ligase or E3 complex in yeast that catalyzes the
polyubiquitylation of specific proteins and targets them for
degradation by proteosomes. Under normoxic conditions,
HIF1A is hydroxylated at a specific asparagine residue by
a member of the egg-laying deficiency protein nine-like
(EGLN) protein family of prolyl hydroxylase enzymes.VHL
binds to hydroxylated HIF1A and targets it for degrada-
tion. Under hypoxic conditions, HIF1A is not hydroxylated,
VHL does not bind, and HIF1A subunits accumulate.
HIF1A forms heterodimers with HIF1B and activates 
transcription of a variety of hypoxia-inducible messenger
RNAs (mRNAs) (i.e., VEGF, EPO, TGFA, PDGFB). Likewise,
when VHL is absent or mutated, HIF1A subunits accumu-
late, resulting in cell proliferation and the neovasculariza-
tion of tumors characteristic of VHLD.4

Predisposition to VHLD is inherited as an autosomal
dominant trait. However, tumor formation requires loss of
the second allele (loss of heterozygosity [LOH]), and so the
disease is recessive at the level of the cell. Mutations known
to result in predisposition to VHLD include partial or com-
plete deletions of the gene and point mutations (missense,
nonsense, frameshift, and splice site). Point mutations are
predicted either to truncate the protein, to alter protein
folding, or to interfere with the binding of VHL to elongin
C, HIF1A, or other target proteins.4,5 Although there are a
handful of “common” mutations and one mutation hotspot
in exon 3, point mutations are distributed over all three
exons of the gene from codon 54 (internal initiator
methionine) to the stop codon.

Four VHLD phenotypes have been described based on
the likelihood of pheochromocytoma or renal cell carci-
noma.6 Type 1 is characterized by a low risk for pheochro-
mocytoma. Truncating mutations or missense mutations
that are predicted to grossly disrupt the folding of the VHL
protein5 are associated with VHLD type 1. VHLD type 2 
is characterized by a high risk for pheochromocytoma.
Patients with VHLD type 2 almost invariably have a mis-
sense mutation. VHLD type 2 is further subdivided into
those with a low risk (type 2A) and those with a high risk
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Von Hippel-Lindau disease (VHLD) is an autosomal dom-
inant cancer predisposition syndrome that gives rise to
hemangioblastomas of the brain and spine, retinal
angiomas, clear cell renal cell carcinoma, pheochromocy-
toma, endolymphatic sac tumors, tumors of the epididymis
or broad ligament, and pancreatic tumors or cysts.1 The
incidence of VHLD is estimated to be about 1 in 40,000 live
births in the white population. Onset is typically between
the second and fourth decade of life, with penetrance for
the disease nearly complete by the age of 65 years. In most
cases, a family history of the disorder is apparent. In about
20% of cases, however, the proband appears to have
acquired a new mutation.2

Molecular Basis of the Disease

The VHL tumor suppressor gene was isolated by positional
cloning in 1993.3 The gene, which consists of three exons
spanning about 10 kilobases (kb) of genomic DNA, is
highly conserved among worms, flies, rodents, and humans
(reviewed in Reference 4). Two transcripts, 6.0 kb and 
6.5 kb in size, are almost ubiquitously expressed and
encode proteins of 213 and 159 amino acid residues. The
latter isoform is the major product in most tissues and
results from initiation of translation from an internal
methionine codon at position 54. Both protein isoforms
appear to be functional.

The VHL protein has been implicated in a variety of
functions including transcriptional regulation, posttran-
scriptional gene expression, protein folding, extracellular
matrix formation, and ubiquitylation (reviewed in Refer-
ence 4). In recent years, the role of VHL in the regulation
of hypoxia-inducible genes through the targeted ubiquity-
lation and degradation of hypoxia-inducible factor 1 alpha
subunit (HIF1A) has been elucidated, leading to a model of
how disruption of the VHL gene results in the production
of highly vascularized tumors.

Normal VHL binds to the protein elongin C, which forms
a complex with elongin B and cullin-2 (CUL2). This
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(type 2B) of renal cell carcinoma, as well as individuals at
risk for pheochromocytoma only (type 2C). Some mis-
sense mutations correlate with a specific type 2 VHLD 
phenotype.6

A novel genotype-phenotype correlation has been
reported.7 Individuals with a complete deletion of the VHL
gene are more likely to present with multiple heman-
gioblastomas of the brain or spine or both. At present, it is
not clear why a complete deletion of the VHL gene would
result in a phenotype distinctly different from that caused
by a partial deletion or truncating mutation (i.e., VHL 
type 1).

Clinical Utility

Clinical molecular testing for VHLD has proven to be vir-
tually 100% effective at detecting germline mutations in
patients with pathology-proven disease.8 For this reason,
molecular testing may be used to confirm a clinical diag-
nosis in an affected patient, screen for a mutation in an
unaffected individual with a family history of VHLD, or
rule out the disease in individuals with one VHLD-like
tumor but no family history. When the mutation in the
family is known, molecular testing may be used for pre-
dictive testing of at-risk family members or for prenatal 
testing.

A clinical diagnosis of VHLD may be made in an indi-
vidual with at least two typical VHLD tumors with or with-
out a family history of VHLD, or in an individual with at 
least one typical tumor and a significant family history.1

In such cases, a VHL gene mutation is almost invari-
ably found. Identification of a mutation confirms the 
clinical diagnosis, establishes the need for periodic clinical
screening, and facilitates predictive testing of at-risk 
relatives.

Predictive testing of at-risk family members for a 
known VHL gene mutation permits identification of
presymptomatic mutation carriers and leads to early 
detection of tumors, timely intervention, and improved
outcome. Identification of mutation-negative individuals
eliminates the need for costly annual clinical screening.
Genetic testing for a known VHL gene mutation is 
definitive.

Since the detection rate for germline mutations is so
high, and since about 20% of patients have VHLD as the
result of a sporadic mutation, testing is indicated in indi-
viduals with a single VHLD-type tumor and no family
history of the disease. A negative-mutation screen greatly
reduces the risk of VHLD in this circumstance. Since
tumors have been reported in children as young as 4 years
of age, and since the mutation status of at-risk individuals
affects clinical care, predictive testing of asymptomatic
children is appropriate. Prenatal testing for a VHL gene
mutation is possible when the disease-causing mutation in
an affected parent is known. However, prior to testing, con-
sultation with a genetic counselor knowledgeable about the

natural history of the disease and available treatment
options is strongly recommended.

Available Assays

A 100% mutation detection rate has been reported in indi-
viduals with a germline mutation in the VHL gene using a
combination of quantitative Southern blot analysis and
DNA sequence analysis.8 Quantitative Southern blot analy-
sis is performed by digestion of high-molecular-weight
genomic DNA with restriction enzymes such as Eco RI and
Ase I that cut at the 5′ and 3′ boundaries of the gene to yield
a fragment approximately 9.7 kb in size. Use of a double
digest results in more efficient transfer of the gene frag-
ment and avoids false negatives that occasionally result
from digestion with Eco RI alone. Blots are hybridized with
a VHL gene–specific probe (g7) to check for partial gene
deletions and a probe for a two-copy gene (such as beta
globin) to check for complete gene deletions. Partial gene
deletions are detected as a decrease in intensity of the VHL
gene band and the appearance of a band of altered mobil-
ity in the patient’s sample (see Figure 23-1, lane 6). Com-
plete gene deletions are detected as a decrease in intensity
of the VHL gene band relative to the beta globin band in
the patient compared to control samples (see Figure 23-1,
lanes 3 and 5). Partial and complete gene deletions account

VHL

β Globin

1 2 3 4 5 6 7

Figure 23-1. Quantitative Southern blot analysis for partial or complete deletions in
the VHL gene. Genomic DNA (5 µg) is digested with Eco RI and Ase I. Digestion products
are separated by agarose gel electrophoresis and transferred to a nitrocellulose mem-
brane by capillary blotting. The filter is hybridized to random primer-labeled probes spe-
cific for the VHL gene (g7) and the beta globin gene (as an internal standard for DNA
loading). Normal controls (lanes 1, 2, 4, and 7) exhibit a single intense VHL gene band.
Patients with a partial deletion in the VHL gene exhibit a less-intense VHL band and a
band of altered mobility (lane 6). Patients with a complete deletion of the VHL gene
exhibit a band of decreased intensity (lanes 3 and 5) compared to controls when equal
amounts of DNA are loaded on the gel. (Reprinted with permission from Chernoff A, Kaspar-

cova V, Linehan WM, Stolle CA. Molecular analysis of the von Hippel-Lindau disease gene. In: Methods
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for approximately 28% of all cases of VHLD, with complete
deletions occurring in about 3% to 5% of patients.
Recently, a real-time quantitative polymerase chain 
reaction (PCR) assay has been described for the rapid 
detection of complete and partial deletions in the VHL
gene.9

PCR amplification and DNA sequence analysis of exons
1 to 3 of the VHL gene (including the adjacent splice donor
and acceptor sequences) will detect all disease-causing
point mutations. DNA sequence analysis is typically per-
formed on an automated DNA sequencer using fluores-
cently labeled dideoxy terminator nucleotides. Both single
base changes and small insertions or deletions may be
detected as the appearance of two bases in any given posi-
tion(s) of the DNA sequencing chromatogram (see Figure
23-2, panels b and c). A mutation-scanning method such as
conformational sensitive gel electrophoresis (CSGE) may
be used to identify mutation-containing exons prior to
DNA sequence analysis. CSGE involves denaturing and
reannealing PCR products to form heteroduplexes and
homoduplexes that then are separated on a polyacrylamide
gel. Exons exhibiting shifts (see Figure 23-3, lanes 4, 7, and
10) are sequenced to identify the specific mutation.

Interpretation of Results

Using a combination of quantitative Southern blot analy-
sis and DNA sequence analysis, germline mutations in the
VHL gene have been identified in about 250 consecutive
patients with well-documented (pathology-proven) VHL
disease seen at the National Cancer Institute (NCI) since
1995, with no false negatives and no false positives. The
sensitivity and specificity of the assays used to detect VHL
gene mutations, therefore, are very high.

If a disease-causing mutation is identified in an affected
or an at-risk individual, that individual will be predisposed
to developing tumors characteristic of VHLD. Periodic
screening of target organ systems is recommended for
early detection and treatment of tumors. Molecular testing
of offspring should be suggested, as they are at 50% risk of
inheriting the disease-causing mutation. The parents of the
proband should be offered molecular testing, as they may
have unappreciated disease. The risk to siblings depends on
the mutation status of the parents.

The interpretation of a negative mutation screen
depends on the circumstances surrounding the testing and
the strength of the clinical diagnosis in the affected family
member.A negative test in an individual at risk for a known
VHL gene mutation is definitive. The individual is not at
risk for developing VHLD and need not undergo clinical
screening for VHLD-associated tumors.

In screening of an unaffected at-risk individual for an
unknown mutation in the VHL gene, however, a negative
mutation screen indicates only that the individual does not
have a germline VHL gene mutation. This may be because
(1) the individual did not inherit the mutant allele from 
the affected relative (i.e., a parent), (2) the affected relative
does not have VHLD (i.e., as a result of an incorrect or 
inconclusive diagnosis), or (3) if the individual is the

a

b

c

Figure 23-2. DNA sequence chromatogram from a portion of exon 1 of the VHL gene.
The normal sequence is presented in panel a. A deletion or insertion of one or more bases
(frameshift) results in a chromatogram with two bases in every position after the muta-
tion (panel b). A single base change is recognized by the appearance of two bases in one
position (panel c). Note that the height of the normal peak is generally reduced when a
mutation is present in the same position. (Reprinted with permission from Chernoff et al., Mol-

ecular analysis of the von Hippel-Lindau disease gene. In: Mydlo JH, ed. Renal Cancer: Methods and

Protocols. Humana Press Inc; 2001.)

Figure 23-3. Conformational sensitive gel electrophoresis (CSGE) of the three VHL
exons. PCR products from exons 1 to 3 of the VHL gene are denatured and reannealed.
The mobility of heteroduplexes containing a normal and a mutant strand are “shifted”
(lanes 4, 7, and 10), indicating the presence of a mismatched base (mutation) in the PCR
product, compared to homoduplexes containing two normal strands after separation on
a polyacrylamide gel. (Reprinted with permission from Chernoff et al., Molecular analysis of the

von Hippel-Lindau disease gene. In: Mydlo JH, ed. Renal Cancer: Methods and Protocols. Humana Press

Inc; 2001.)
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parent, he or she may be mosaic for a mutation detectable
in affected offspring. Whenever possible, careful clinical
evaluation or molecular analysis of an affected family
member is suggested to improve the accuracy of the test
interpretation.

For an individual with a clinical diagnosis of VHLD but
no family history, a negative mutation screen indicates that
either the patient is a phenocopy (coincidental occurrence
of tumors typical of VHLD but without a gene mutation)
or a mosaic (with a mutation in some, but not all, cells of
the body). Mosaicism has been documented in the affected
but mutation-negative parents of patients with a germline
VHL gene mutation.2 The frequency of mosaicism is not
known but is believed to be low (i.e., <5%). If the diagno-
sis of VHLD is supported by pathologic findings (i.e., mag-
netic resonance imaging [MRI] of brain or spine, eye
examination, abdominal ultrasound or computed tomog-
raphy [CT] scan, urinary catecholamines, etc.), then the
patient is more likely to be mosaic and should be periodi-
cally screened for additional tumors characteristic of
VHLD. Offspring (if any) should be considered at risk and
may wish to undergo periodic clinical screening for tumors
or molecular analysis. The degree of risk (0–50%) depends
on the extent of mosaicism and the potential for transmit-
ting the mutant allele, neither of which can be determined.

For patients who do not fulfill the clinical criteria for
VHLD diagnosis because they have a single type of tumor
and no family history, a negative mutation screen would
indicate that they are very unlikely to have VHLD. The pos-
sibility of mosaicism cannot be entirely ruled out, however.
Although routine clinical surveillance for characteristic
VHL tumors would not appear warranted, regular follow-
up visits to a physician regarding the initial tumor would
be expected. Likewise, routine screening of offspring would
not be indicated unless the proband develops additional
tumors (especially of another typical organ system) or if
the offspring begins to develop symptoms of VHLD.

Occasionally, a base change in the VHL gene will be
detected that is neither a known disease-causing mutation
nor a polymorphism. These base changes of “unknown
significance” with regard to VHLD are generally missense
mutations or mutations in introns outside the consensus
splice sequences. Novel mutations may be evaluated as
disease-causing mutations or polymorphisms by criteria
described by Cotton and Scriver.10 In such cases, it is
helpful to test other affected or unaffected family members,
or both, to determine whether the mutation segregates with
the disease.

Laboratory Issues

Mutation analysis of the VHL gene is performed as a lab-
oratory-developed test. PCR primers and conditions have
been published,8 and probes for Southern blot analysis are
available on request from the original researchers.3 Control
DNAs for Southern blot analysis are also available from the

author on request. There is no organized proficiency-
testing program for VHLD; therefore, proficiency testing is
performed either by interlaboratory exchange or by repeat
testing of samples.

Various sources of DNA are acceptable for testing.
Ethylene diamine tetra-acetic acid (EDTA) anticoagulated
peripheral blood is the most commonly submitted speci-
men; however, DNA, frozen tissue, or cultured cells also 
may be used. Paraffin-embedded tissue, cheek epithelial
cells, unspun amniocytes, or direct chorionic villus 
sampling (CVS) specimens may be used for detecting 
point mutations by DNA sequence analysis; however,
these samples do not provide sufficient quantities of high-
molecular-weight genomic DNA for Southern blot analysis.

Mutation screening by Southern blot and DNA sequence
analysis is completed in approximately 4 weeks. Interpreta-
tion of the assays is fairly straightforward (described above).
Point mutations may be compared to an online database of
VHL gene mutations in the Universal VHL-Mutation data-
base (www.urnd.be/).11

The mutation detection rate quoted by laboratories in
the United States varies from 95% to greater than 99%.
Since all laboratories are using the same basic methodolo-
gies, this variability is likely due to uncertainty regarding
the patient’s diagnosis or inadequate clinical information
rather than the inability to detect germline mutations in
the VHL gene.
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protein, both of which have an intrinsic tyrosine kinase
intracellular domain that is activated by ligand binding to
the EGFR.

Available Assays and Interpretation

EGFR gene amplification has been detected by Southern
blot, polymerase chain reaction (PCR), and fluorescence 
in situ hybridization (FISH). EGFR protein overexpres-
sion has been detected by Western blot and immuno-
histochemistry (IHC). EGFR status in breast cancer 
generally has been defined as overexpression when IHC
tests show increased cellular staining or when FISH 
assays show significantly increased EGFR gene copy
number.

Clinical Significance

EGFR is overexpressed in 14% to 90% of breast cancers,
depending on the material tested and the method used 
for detection or quantitation of the receptor. EGFR 
overexpression has been linked to adverse prognosis in a
variety of tumors, including breast cancer.3,4 Conflicting
studies of EGFR status in breast cancer have been reported,
with some groups finding a correlation with prognosis5

and others finding no correlation.6 The frequent finding 
of gene amplification, gene mutation, or protein over-
expression of EGFR, or some combination of these, in
breast cancer, which has ranged from 67% to as high as
90% of breast cancers,7 has prompted numerous clinical
trials employing small molecule inhibitors8 and antibod-
ies9 that target the EGFR pathway. To date, the clinical trials
have yielded some evidence of efficacy, and one agent
(ZD1839, Iressa) has been FDA approved for use in lung
cancer. EGFR-targeted therapies have not moved forward
for the treatment of breast cancer. In addition, levels of
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Based on current incidence rates, an American woman has
a 1 in 9 chance of developing breast cancer at some time
during her life.1 According to the American Cancer Society,
in 2001, there were 192,200 new cases of invasive breast
cancer and 47,100 cases of in situ disease in the United
States. That same year 40,200 American women died of the
disease. This chapter considers the molecular pathology of
breast cancer, focusing on the biomarker assays that are cur-
rently used in clinical management of the disease, exclud-
ing discussion of serum diagnostics, genetic predisposition
testing, microarray-based RNA expression profiling, and
micrometastasis detection, which are covered elsewhere in
this book. The chapter concludes with a brief section on
potential future assays, including the emerging field of
pharmacogenomics.

Molecular Prognostic and 
Predictive Factors

In 1991, Hilsenbeck and collaborators described the
requirements for adopting a new prognostic marker into
clinical practice.2 The overwhelming majority of proposed
markers for breast cancer have failed to fulfill those
requirements. Thus, although there are numerous bio-
markers that have achieved promise on the basis of
preliminary results, only HER2/NEU has been formally
incorporated into standard practice over the past three
decades.

EPIDERMAL GROWTH FACTOR RECEPTOR

Molecular Basis

The epidermal growth factor receptor (EGFR), also known
as c-erb-B-1 and HER1, is a member of a family of trans-
membrane receptors that includes HER2, HER3, and HER4.
HER1 has significant homology with the HER3/NEU
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EGFR expression have not correlated with therapeutic
outcome.

Quality Control and Laboratory Issues

EGFR testing is not widely employed in clinical molecular
laboratories and currently is considered to be for research
use only. There is no current quality-assurance program for
EGFR testing.

HER2/NEU

Molecular Basis

HER2/NEU (C-erbB-2) gene amplification, HER2 protein
overexpression, or both, are identified in 10% to 34% of
invasive breast cancers.10 The ligand for the HER2/NEU
protein receptor has not been identified, and its activation
may occur through homo- and heterodimerization with
other family members (EGFR, HER3, and HER4). Both 
morphologic and molecular techniques have been used 
to measure HER2/NEU status in breast cancer clinical 
samples (Table 24-1).11 The vast majority of these studies
have linked either gene amplification or protein overex-
pression of HER2/NEU with adverse prognosis in either
node-negative or node-positive disease.11 In general, when
specimens have been carefully fixed, processed, and
embedded, there has been excellent correlation between
HER2/NEU gene copy status and protein expression
levels.11–14

Available Assays and Interpretation

IHC staining (Figure 24-1, lower panel), which has been 
the predominant method utilized for clinical testing of
HER2/NEU, can be significantly affected by technical
issues, especially for archival fixed paraffin-embedded
tissues. Advantages of IHC testing include its wide avail-
ability, relatively low cost, easy preservation of stained
slides, and use of routine microscopy. Difficulties with the
technical aspects of IHC include the effects of preanalytic
issues (including duration and type of fixation, and block
storage conditions), intensity of antigen retrieval, type of
antibody (polyclonal versus monoclonal), nature of control
samples, and, most important, lack of an objective slide
scoring system. Two commercially available HER2/NEU
IHC kits, the Dako Herceptest and the Ventana Pathway,
are FDA approved for determining the eligibility of
patients to receive the anti-HER2/NEU therapeutic anti-
body trastuzumab (Herceptin). Problems with standardi-
zation in slide scoring recently have been highlighted and
raise questions regarding the best method for determining
HER2/NEU status for prediction of response to Her-
ceptin.15 Slide scoring can be improved by avoiding speci-
men edges, retraction artifacts, under- or overfixation,
cases with significant staining of benign tissues, and tumor
cells lacking a complete membranous staining pattern (the
so-called chicken wire appearance). The use of a comput-
erized image analysis system can reduce slide scoring vari-
ability among pathologists and improve the reproducibility
of interpreting the IHC tests.16

The FISH technique (Figure 24-1, upper panel), which 
is morphology-driven and like IHC can be automated, has
the advantages of an objective scoring system and the 
presence of a built-in internal control consisting of the two
HER2/NEU gene signals present in all cells in the specimen.
Disadvantages of FISH testing include the higher cost com-
pared with IHC, longer time required for slide scoring,
requirement of a fluorescence microscope, and inability to
preserve the slide for storage and review. Two versions of
the FISH assay are FDA approved: the Ventana Inform test,
which measures only HER2/NEU gene copies, and the
Abbott-Vysis Pathvysion test, which includes a chromo-
some 17 probe in a dual-color format. Published studies
indicate that the two assays are highly correlative.17 The
chromogenic in situ hybridization method, or CISH tech-
nique (Figure 24-1, middle panel), features the advantages
of both IHC (routine microscopy, lower cost, familiarity)
and FISH (built-in internal control, objective scoring, more
robust DNA target), but is not, to date, FDA approved for
determining patient eligibility for Herceptin treatment.18,19

The reverse transcription–polymerase chain reaction
(RT-PCR) technique20,21 has predominantly been used to
detect HER2/NEU messenger RNA (mRNA) from occult
breast cancer cells found in peripheral blood and bone
marrow samples. It has correlated more with gene 
amplification status than IHC levels,22 and failed to predict

Table 24-1. Comparison of Methods for HER2/NEU Detection in
Breast Cancer

Method Target FDA Status Slide-Based

IHC Protein Approved* Yes
FISH DNA Approved† Yes
Chromogenic in situ DNA Not approved Yes

hybridization
(CISH)

Southern blot DNA Not approved No
Reverse mRNA Not approved No

transcription–
polymerase chain
reaction (RT-PCR)

Tumor enzyme-linked Protein Not approved No
immunosorbent
assay (ELISA)

Serum ELISA Protein Approved‡ No

*Two IHC methods are FDA approved for Herceptin selection
(Dako Herceptest and Ventana Pathway).
†One FISH method is approved for prognosis (Ventana Inform),
and one FISH method is approved for prognosis and Herceptin
selection (Abbott-Vysis Pathvysion).
‡ Serum ELISA (Bayer Diagnostics, Tarrytown, NY) is FDA
approved for monitoring.
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survival, but did correlate with estrogen receptor and prog-
esterone receptor (ER/PR) status and tumor grade in one
breast cancer outcome study of 365 patients.23

The enzyme-linked immunosorbent assay (ELISA) tech-
nique avoids the potential antigen damage associated with
fixation, embedding, and uncontrolled storage, when per-
formed on tumor cytosols made from fresh tissue samples.
However, the small size of breast cancers associated with
expanded screening programs in the United States gener-
ally precludes tumor tissue ELISA methods because
insufficient tumor tissue is available to produce a cytosol.

Clinical Significance

Trastuzumab is a monoclonal IgG1-class humanized
murine antibody developed by Genentech Corporation
(South San Francisco, CA) using recombinant technolo-
gies. Clinical use of trastuzumab is targeted specifically for
patients with advanced relapsed breast cancer that over-
expresses the HER2 protein.24 Since its launch in 1988,
trastuzumab has become a major therapeutic option for
patients with HER2-positive breast cancer and is being
used not only for its approved indication as second-line
treatment for advanced metastatic disease, but also for
early-stage disease and in neoadjuvant treatment 
protocols.25–28

The best method to identify patients for trastuzumab
therapy remains controversial. The original IHC technique
used as the clinical trial assay was succeeded by the 
commercial Herceptest (Dako Corporation, Glostrup,
Denmark). The Herceptest was originally criticized for
yielding false-positive results,29 although better perform-
ance ultimately was achieved when the manufacturer’s
instructions were precisely followed. Concern over 
IHC accuracy using standard formalin-fixed paraffin-
embedded tissue sections15 has encouraged the use of the
FISH assay for its ability to predict trastuzumab response.30

Well-documented lower response rates of 2+ IHC staining
versus 3+ staining tumors31 has resulted in an approach
that uses either IHC as a primary screen followed by FISH
testing for all 2+ cases or primary FISH testing.32,33 In a
recently published study using trastuzumab as a single
agent, the response rate in 111 assessable patients with 3+
IHC staining was 35% and the response rate for 2+ cases
was 0%; the response rates in patients with and without
HER2/NEU gene amplification detected by FISH were 
34% and 7%, respectively.31 In a study of trastuzumab 
plus paclitaxel treatment of patients with HER2/NEU-
overexpressing tumors, overall response rates ranged from
67% to 81% compared with 41% to 46% in patients with
normal expression of HER2/NEU.34 In summary, while the
superiority of one method versus the other remains con-
troversial,35,36 most laboratories either screen all cases with
IHC and triage the 2+ cases for FISH testing, or use FISH
as the only method for HER2/NEU testing.

Prediction of Response of Breast Cancer to
Other Therapies

The most frequent association of HER2/NEU status with 
a lack of therapeutic response to trastuzumab is the
reported resistance of HER2/NEU-positive tumors to hor-
monal therapy alone.37–41 Most recently, patients with 
estrogen (ER)-positive, HER2/NEU-positive tumors have 
an improved response to alternative hormonal therapy
with letrozole, a third-generation aromatase inhibitor.42

HER2/NEU protein overexpression also has been linked to

Figure 24-1. HER2/NEU testing in breast cancer. Upper panel: HER2/NEU gene amplifi-
cation detected by FISH (Abbott-Vysis Pathvysion System). Middle panel: HER2/NEU
gene amplification detected by CISH (Zymed System). Lower panel: IHC using Herceptest
System (Dako Corp.) with continuous membranous 3+ positive immunostaining for
HER2/NEU protein. (Figure prepared in collaboration with Dr. Ken Bloom of US Labs Inc, Irvine, CA.)
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resistance of tumors in patients treated with cyclophos-
phamide, methotrexate, 5-fluorouracil (5-FU) cytoxin,
methotrexater 5-fluorouracilt (CMF) adjuvant chemother-
apy, as well as to taxane-based regimens.43–45 HER2/NEU
overexpression also has been associated with enhanced
response rates to anthracycline-containing chemothera-
peutic regimens.46–50 HER2 and topoisomerease II are colo-
calized to the short arm of chromosome 17, and the 2 genes
are usually coexpressed. These data have generated the rea-
sonable hypothesis that HER2 overexpression identifies
tumors that are more likely to respond to anthracycline
therapy, especially at higher doses of the drug.

Serum HER2/NEU Antigen Levels as a 
Tumor Marker

Circulating levels of the cleaved extracellular domain of the
HER2/NEU receptor protein have successfully predicted
the presence and progression of HER2/NEU-positive
breast cancer. Serum HER2/NEU level has been correlated
with decreased survival and absence of clinical response to
hormonal therapy in ER-positive tumors in some studies,
but not in others.10,51,52

HER2/NEU Expression and Breast Pathology

HER2/NEU overexpression has been consistently associ-
ated with the more aggressive and extensive forms of
ductal carcinoma in situ53–55 and both mammary and extra-
mammary Paget’s disease.56,57 The majority of studies that
have compared the HER2/NEU status of paired primary
and metastatic tumor tissues have found an overwhelming
consistency of the HER2 status in both invasive and non-
invasive tumors, regardless of the method of testing (IHC
or FISH).58–62 HER2/NEU amplification and overexpression 
has been associated with adverse outcome in some 
studies of male breast carcinoma63–66 but not in others.67,68

Finally, low-level HER2/NEU overexpression has been
identified in biopsies of benign breast disease and associ-
ated with an increased risk of subsequent invasive breast
cancer.69

Quality Control and Laboratory Issues

The advantages and disadvantages of the competing assays
are discussed above. The widespread use of both the IHC
and FISH techniques in clinical laboratories to assess
HER2/NEU status in breast cancer has been the subject of
many reviews as to performance and quality-control
issues.70,71 The College of American Pathologists has a 
proficiency-testing program that allows participating 
laboratories to assess their performance compared to 
a wide variety of private, public, and commercial 
laboratories.

TP53

Molecular Basis

TP53 is a tumor-suppressor gene localized to chromosome
17p that codes for a multifunctional DNA-binding protein
involved in cell cycle arrest, DNA repair, differentiation,
and apoptosis.72 The TP53 mutation rate is lower in breast
cancer than in other epithelial cancers and has been asso-
ciated with more aggressive disease and worse overall sur-
vival rate.73

Available Assays and Interpretation

The prognostic significance of TP53 status in breast cancer
has been affected by the accuracy of IHC methods com-
pared to molecular methods (single strand conformational
polymorphism [SSCP], direct sequencing, microarray
sequencing chip, and yeast colony functional assay) to iden-
tify TP53 mutations.72,73 IHC evaluations with and without
image analysis–assisted slide scoring using either the DO-
1 or the PAb1801 antibodies have yielded variable associa-
tions between TP53 stabilized mutant protein nuclear
staining and outcome in breast cancer. In general, the DO-
1 antibody has been favored by some investigators over the
PAb1801;74 however, the high number of false-positive and
false-negative IHC results (compared with gene sequenc-
ing) precludes reliable use of IHC as an indicator for TP53
gene mutation status in human breast cancer.75

Clinical Significance

In general, breast carcinomas with TP53 mutations are con-
sistently associated with high histologic grade, high mitotic
index, high proliferation rate, aneuploid DNA content, neg-
ative assays for ER/PR,76–78 and variable association with
amplification of oncogenes such as HER2, MYC, RAS, and
INT2.79,80 TP53 mutation has been correlated with resist-
ance to hormonal, adjuvant, and neoadjuvant chemother-
apy and combination chemotherapy for metastatic disease
using a variety of agents, including anthracyclines and
taxanes.81–84

Quality Control and Laboratory Issues

The best method for testing for TP53 mutation status in
clinical samples is controversial. While some groups
believe that IHC testing, with its accuracy ranging from
80% to 90% for the prediction of TP53 mutation is
sufficient, others recommend that either SSCP or complete
gene sequencing be performed to confirm TP53 mutation
status. In addition, since TP53 expression can be silenced
by epigenetic events, such as methylation of the promoter
region of the gene, the relative impact of mutation detec-
tion versus expression silencing has only recently been
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considered. TP53 testing is generally performed for
research purposes, and no clinical quality-assurance pro-
grams for laboratory accuracy are currently available.

ESTROGEN AND PROGESTERONE 
RECEPTOR PROTEINS

Molecular Basis

The estrogen (ER) and progesterone (PR) nuclear hormone
receptors are activated and appear to play a role in the
development of more than half of all breast cancers.85–87

Positive ER and PR assays are associated with well-
differentiated histology, negative lymph node status,
diploid DNA content, low proliferation rate and a tendency
for a relatively indolent clinical course.88,89 ER/PR-negative
tumors are often associated with aggressive disease,
including amplification of the HER2/NEU, MYC, and INT2

oncogenes, mutation of the TP53 gene, and increased
expression of invasion- and metastasis-associated growth
factors, growth factor receptors, and proteases.88,89

Available Assays and Interpretation

The small size of newly diagnosed primary tumors has
required a shift from the original methods of quantitative
biochemical competitive binding assay with dextran-
coated charcoal using fresh tumor protein extracts and
cytosols to IHC methods.90,91 Despite its limitations, IHC is
currently the standard method for determining the ER and
PR status of breast cancers. The ER and PR status of breast
cancers remains a cornerstone of therapeutic planning and
is likely to continue to have clinical significance for the
foreseeable future. Microarray studies of gene expression
patterns in breast cancers have shown that ER status cor-
relates with differences in gene expression patterns in
breast cancer (Figure 24-2). Microarray studies also have

a

b

Figure 24-2. Breast cancer cDNA microarray results
evaluated by hierarchical gene cluster analysis for defin-
ing specific gene expression signatures. Hierarchical
clustering algorithm allows the clustering of individual
tumor profiles on the basis of their similarities to their
coexpression with the estrogen receptor alpha gene.
Each row represents a single gene and each column 
a single tumor. Red indicates upregulation of gene
expression in the tumor, green represents downregula-
tion, and black indicates no change in relative gene
expression. (a) Genes that are upregulated and down-
regulated in ER-positive tumors. (b) Overall gene
expression pattern for ER-negative tumors.
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shown excellent concordance between protein expression
of ER measured by IHC and HER2/NEU gene amplification
measured by FISH and mRNA levels for both genes
detected on the arrays (Figure 24-3).

Clinical Significance

The role of ER and PR receptor testing as markers of prog-
nosis and predictors of response to antiestrogen therapy is
established as a standard of care for patients with breast
cancer.88,89 The majority of breast cancers in the United
States are evaluated for ER and PR status using IHC. Results
of ER and PR IHC are used as the basis for selection of
patients as candidates for hormonal therapy. The response
to standard antiestrogen therapies such as Tamoxifen in
first-line endocrine treatment of metastatic breast cancer
averages 30% for either ER- or PR-positive tumors.92 For
patients with both ER- and PR-positive breast cancers,
response rates have ranged from 50% to 70%.92–94 For
patients with ER- and PR-negative tumors, there is only a
5% to 10% chance that the patient will respond to hormonal
therapy.92–94 The introduction of specific estrogen response
modulators95 and aromatase inhibitors, such as anastrozole,
letrozole, and extremestane,96,97 have added new strategies
of hormonal therapy for breast cancer patients.

Summary of Prognostic Factors in
Breast Cancer

Table 24-2 summarizes the major prognostic factors for
breast cancer. The ancillary biomarkers currently approved
by the College of American Pathologists and the American

Society of Clinical Oncology guidelines include ER/PR and
HER2/NEU testing.

Pharmacogenetics and
Pharmacogenomics

More than one million genetic markers known as single
nucleotide polymorphisms (SNPs) have recently become
available for genotyping and phenotyping studies.98 SNP
genotyping and gene sequencing have identified a variety
of familial cancer predisposition syndromes based on
single and multiple gene variants,99 as well as genomic 
variations in drug-metabolizing enzymes such as the
cytochrome system that are associated with variations in
drug metabolism.100 Pharmacogenetic strategies have been
used to reduce the incidence of toxicity from such anti-
cancer drugs as amonafide, 5-FU, 6-mercaptopurine (6-
MP), irinotecan (camptosar, CPT-11), epirubicin, and
flavopyridol.101 The application of genotyping strategies to
predict chemotherapeutic efficacy recently has emerged in
a variety of clinical settings.102,103 Relevant to breast cancer,
recent publications have suggested that overexpression of
thymidylate synthase is associated with resistance to 5-FU
and related compounds.104

Two important challenges in the diagnosis and manage-
ment of breast cancer are, first, how to identify patients at
low risk for recurrence who can be spared from systemic
adjuvant therapy, and, second, how to select the optimal 
systemic therapy for an individual who is at high risk for
recurrence. Pharmacogenomics is an application of whole
genome and protein expression data designed to predict the
sensitivity or resistance of an individual’s disease to a single

FNA biopsies from breast cancer patients
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Figure 24-3. Comparison of ER and HER2/NEU
mRNA expression detected by microarray profiling
and corresponding ER protein expression measured
by IHC and HER2/NEU gene copy number measured
by FISH. The concordance between ER levels deter-
mined by IHC and ER levels determined by gene
expression profiling was 95%. The concordance
between HER2/NEU gene amplification status deter-
mined by FISH and HER2/NEU mRNA levels deter-
mined by gene expression profiling was 100%. Thus,
a single gene expression profiling test combined with
FNA biopsies from breast cancer patients may capture
clinically relevant markers and guide therapy for the
disease.
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Table 24-2. Summary of Major Ancillary/Molecular Prognostic Factors in Breast Cancer

Bio Target of Therapeutic Current Future
marker Assay Therapy Agent Status Prospects

ER/PR IHC Yes Tamoxifen Standard of care Improved IHC with antibodies that are 
binding SERMs negative when estrogen receptor is truncated 
assay Aromatase inhibitors to reduce false positives

HER2/NEU IHC Yes Herceptin Standard of care CISH assay may replace both IHC and FISH
FISH Other antibodies

Gene therapy

DNA ploidy Flow cytometry No — Common use Decreased use

S phase Flow cytometry No — Common use Maintained use

Cell proliferation IHC No — Common use Increased use of Ki-67
index IHC

Cyclin D IHC Possible Flavopyridol Clinical trials May select new drug use such as proteasome 
Translocation targets inhibitors

Cyclin E IHC No — RUO Prognostic significance must be validated
Western

EGFR IHC Yes Iressa Increasing use Targeting the anti-EGFR drugs may likely be 
FISH Tarceva Clinical trials combined with pharmacogenomics

Erbitux

VEGF IHC Yes Avastin Increasing use Increasing use for prognosis; initial targeted 
Small Clinical trials therapy disappointing.
molecules

TP53 IHC Yes Gene therapy Increasing use Targeted therapies disappointing to date
SSCP Clinical trials
Sequencing

E-cadherin IHC Yes 5-azacytidine Increasing use Diagnosis of pleomorphic lobular carcinoma
Methylation-PCR Demethylation Clinical trials

CD-44 v6 IHC No — RUO Predictive significance of v6 splice variant 
requires validation

Cathepsin D Immunoassay No — Common use IHC studies disappointing; decreasing use
in Europe

Upa/PAI1 Immunoassay Yes Small molecules Common use Targeted therapies in early stages; IHC assays 
in Europe not validated to date, restricting use in the 

United States

MMPs 2,9,11 IHC Yes Marmistat Clinical trials Early results of targeted therapy disappointing
RUO

MDR IHC Yes Small molecules Clinical trials Continued use
RUO

BCL2 IHC Yes Genasense Increasing use Initial results of targeted therapies 
Proteasome Clinical trials disappointing
inhibitors

Telomerase TRAP assay Yes Small molecules RUO Increase use if slide-based assays are 
IHC successful as prognostic factor
ISH

NFκB IHC Yes Proteasome RUO Will be used if targeted therapies are 
Western inhibitors successful alone or in combination with 

cytotoxic drugs

Transcriptional cDNA array No — RUO Continued expansion of use; predictive 
profiling Oligonucleotide marker sets will require multiple validations;

array could become standard of care if initial 
results are confirmed

ER/PR, estrogen and progesterone receptor; IHC, immunohistochemistry; FISH, fluorescent in situ hybridization; RUO, research use only;
EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor; SSCP, single strand conformational polymorphism;
TRAP, telomeric repeat amplification protocol.
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agent or group of drugs. Recently, powerful new technolo-
gies have emerged that can measure simultaneously the
expression of several thousands of mRNA species in a bio-
logical specimen. With high-density DNA micro-arrays,
technically it may be possible to monitor the expression 
of almost all human genes in a biological sample. The 
hierarchical clustering technique of data analysis from 
transcriptional profiling of clinical samples known to have
responded or been resistant to a single agent or combina-
tion of anticancer drugs has recently been employed as a
guide to anticancer drug therapy in cancers of the breast
and other organs.105,106 Microarray analysis of gene expres-
sion has achieved 81% accuracy for predicting a complete
pathologic response after preoperative chemotherapy with
sequential weekly paclitaxel and FAC in breast cancer.107

More important, 75% of the patients who were predicted to
have a complete pathologic response based on their gene
expression profile indeed experienced a complete response.
This compares very favorably with the 25% to 30% chance
of complete response that unselected patients may expect
with this treatment regimen.

The potential of pharmacogenomics as a novel tool that
can truly identify clinically important subgroups of
patients is enormous. However, the challenges that need to
be solved before clinical application of this method also are
significant. Despite the many technical and data interpre-
tation difficulties associated with this approach and the
complex nature of the profiling procedure itself, it is likely
that DNA microarray technology will be applied in the
clinic in the near future to direct therapy selection and
predict clinical outcomes that cannot be predicted with
current clinical testing methods.
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are the sites of known or putative tumor suppressor genes.
Many of the regions that show high rates of AI correspond
to the areas of chromosomal gains and losses detected by
CGH.

Two important molecular genetic alterations that con-
tribute to UC tumorigenesis are mutational and epigenetic
alterations that inactivate the P16 gene, the TP53 gene, or
both. P16 loss is one of the earliest events in the develop-
ment of both papillary and flat/invasive UC.2,6–8 Mutations
that inactivate the TP53 gene appear to be found primarily
in CIS and invasive UC and not low-grade papillary tumors
and in part may be responsible for the aggressive behavior
of these tumors.9,10 Other oncogenes and tumor suppressor
genes that have been found to be mutated in a subset of UC
include MYC, HRAS, and PTEN.

Defective DNA mismatch repair (MMR) is manifested as
microsatellite instability (MSI) at >30% of microsatellite
markers examined and in most cases is associated with a
loss of expression of one of the DNA MMR proteins,
hMSH2, hMLH1, hMSH6, or hPMS2. MMR is rarely
observed in UC of the bladder but is found in approxi-
mately 20% to 30% of upper tract UC.11,12 The finding of
defective MMR in an upper tract UC should prompt an
investigation into the possibility that the patient may have
hereditary nonpolyposis colorectal cancer (HNPCC) and a
germline mutation of one of the DNA MMR genes.

Chromosomal instability (CIN) is present in invasive UC
and CIS. It is likely that genes that maintain genomic sta-
bility are inactivated early during invasive UC tumorigen-
esis. CIN drives tumorigenesis and tumor progression by
accelerating the mutation rate in tumor cells.13 The genes
responsible for CIN in invasive UC are not known, and the
role of TP53 inactivation in CIN has been a matter of
debate. pTa tumors show no evidence of CIN but, as noted
above, tend to be diploid or near-diploid tumors with rel-
atively few chromosomal alterations. Until recently, the
genetic alterations known to contribute to the formation of
low-grade pTa tumors have been restricted to chromosome
9 and P16 alterations. Most low-grade papillary UC and
urothelial papillomas have missense mutations of the
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Molecular Basis of Disease

The two main types of urothelial carcinoma (UC) are pap-
illary UC (pTa) and “flat” UC (pTis), also known as nonin-
vasive carcinoma in situ. Approximately 75% to 80% of UC
are papillary and approximately 20% to 25% are CIS. Pap-
illary tumors tend to recur but not progress to invasive
cancer. CIS is aggressive and tends to progress to muscle-
invasive cancer.

UC tumorigenesis is a multistep process. Papillary UC
are thought to arise from areas of urothelial hyperplasia 
or from urothelial papillomas. Although most papillary
tumors are low-grade tumors that have little tendency to
progress to invasive tumors, a small proportion are high-
grade tumors that have significant potential to progress to
invasive UC. Most invasive UC tend to arise through the
following sequence of events: normal urothelium to dys-
plasia to CIS to invasive cancer.

At the chromosomal level, DNA ploidy studies demon-
strate that the majority of low-grade papillary tumors are
diploid or near-diploid tumors, while the majority of high-
grade papillary UC, CIS, and invasive UC (pTa tumors) are
aneuploid tumors.1 By comparative genomic hybridization
(CGH) studies, noninvasive papillary UC have relatively
few chromosomal abnormalities except for loss of all or
part of chromosome 9, while tumors with lamina propria
invasion (pT1 tumors) have a high number of chromoso-
mal gains and losses.2 The pT1 tumors also have loss of all
or part of chromosome 9 but have numerous additional
chromosomal abnormalities, which include whole or
partial chromosomal losses and gains. Fluorescence in situ
hybridization (FISH) studies provide further evidence 
that low-grade pTa UC tumors have relatively few chromo-
somal abnormalities, while CIS, high-grade pTa, and 
invasive UC have a high frequency of chromosomal 
abnormalities.3

Microsatellite analysis (MA) has revealed that frequent
sites of allelic imbalance (AI) in UC include 3p, 4p, 8p, 9p,
9q, 11p, 13q, 17p, and 18q.4–6 Regions with high rates of AI
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fibroblast growth factor 3 (FGFR3) gene, while mutations
of this gene are less common in invasive UC and CIS.14

Taken together, the various studies suggest that there are
two genetic pathways leading to the development of UC.2,7

One pathway leads to the formation of noninvasive papil-
lary UC and the other to the development of CIS/invasive
UC (Figure 25-1). The pathway for noninvasive papillary
UC is characterized by the presence of FGFR3 mutations
and/or chromosome 9 alterations and P16 inactivation. The
pathway for invasive UC is characterized by early alter-
ations in the TP53 and P16 genes, late alterations of other
tumor suppressor genes and oncogenes, chromosomal
instability, and aneuploidy. The genetic differences
between noninvasive papillary and CIS/invasive tumors
likely explain the markedly different behavior and prog-
nosis of these tumors.15

Available Assays

DNA Ploidy Analysis by Flow Cytometry or
Digital Image Analysis

Flow cytometry and digital image analysis (DIA) can be
used to detect aneuploid cells in the urine that are consis-
tent with a diagnosis of UC.16,17 The sensitivity of flow
cytometry is limited by the fact that it will fail to detect UC
cells if the aneuploid cells represent only a small pro-
portion of all the cells in the urine. Rare UC cells cannot
be distinguished from normal cells in S phase in the 
“aneuploid” regions of the DNA ploidy histogram. DIA is a
technique in which the cells on the slide are stained with a
Feulgen stain, which stains the DNA in a stoichiometric
fashion, followed by image analysis in an image cytometer
to assess for aneuploidy. The advantage that DIA has over
flow cytometry is that one can select the cells that are

assessed for ploidy status. Cells that are clearly nonneo-
plastic can be ignored. This makes it possible to identify
smaller populations of aneuploid cells in a background of
diploid cells. Several studies suggest that the sensitivity and
specificity of DIA ploidy analysis for the detection of UC
are relatively high.16,17 For example, Cajulis et al. showed
that the sensitivity of DIA, flow cytometry, and conven-
tional cytology for UC were 91%, 72%, and 61%, respec-
tively, while the specificity of DIA, flow cytometry, and
conventional cytology were 83%, 80%, and 100%, respec-
tively. The main disadvantage of DIA is that it is relatively
labor-intensive.

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization is a technique that uti-
lizes fluorescently labeled DNA probes to detect chromo-
somal abnormalities. There are two general types of FISH
probes: chromosome enumeration probes (CEP) and
locus-specific indicator (LSI) probes. CEP provide useful
information on whether the cells exhibit significant aneu-
somy and CIN. Aneusomy is defined as an abnormal copy
number for a specific chromosome. LSI probes hybridize to
specific loci and can be used to detect alterations of the
TP53, HER2/NEU, MYC, and other cancer-related genes.

Most UC are characterized by numerical and structural
chromosomal abnormalities and a marked degree of CIN
with variation in the chromosomal abnormalities found
from cell to cell. The finding of aneusomy and CIN in a
population of cells by FISH is virtually pathognomonic of
malignancy.

A FISH assay for the detection of UC in urine has been
developed. This assay utilizes a multiprobe mixture that
contains CEP3, CEP7, CEP17, and LSI 9p21 probes labeled
with red, green, aqua, and yellow fluorophores, respec-
tively.3,18 This probe set, now known as UroVysion (Abbott

TP53 inactivation

Carcinoma in situ

Invasive urothelial
carcinoma

Activation and inactivation
of other oncogenes and
tumor suppressor genes

CIN and aneuploidization
Activation and inactivation of
other oncogenes and tumor
suppressor genes

Normal urothelium

P53 alterations?FGFR3 activation

Urothelial hyperplasia/papilloma

Low-grade papillary urothelial carcinoma

High-grade papillary carcinoma

TP53 inactivation
P16 inactivation
CIN and aneuploidization

Urothelial dysplasia

–9, –9p, –9q
P16 inactivation

Figure 25-1. Genetic pathways for urothelial carcinoma tumorige-
nesis. Noninvasive papillary tumors are characterized by early acti-
vating mutations of the FGFR3 gene, inactivating mutations or
epigenetic alterations of the P16 gene, and a diploid or near-diploid
DNA content. CIS and invasive tumors are characterized by early inac-
tivating mutations within the TP53 and P16 genes, chromosomal
instability (CIN), and an aneuploid DNA content. A small proportion
of papillary tumors may acquire TP53 alterations or alterations of
other as-yet unknown genes that cause invasive potential of these
tumors.
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Laboratories, Waukegan, IL), received FDA approval in
August 2001 for monitoring UC patients for tumor recur-
rence. Representative examples of patients with FISH-
positive and -negative findings are shown in Figure 25-2.

FISH using the UroVysion probe set is significantly more
sensitive than urine cytology for the detection of recurrent
UC.3,16,19–21 (Note that the author receives industry funding
from Abbott Laboratories and royalties from the sale of the
UroVysion probe set). The sensitivity of UroVysion for the
detection of CIS, invasive UC, and high-grade papillary
tumors is greater than 95%.3 The sensitivity of UroVysion
is lower for low-grade papillary tumors than other UC but
is still significantly better than cytology for low-grade
tumors. Though more studies need to be performed, it is
possible that the low-grade tumors that FISH fails to detect
are less dangerous and the intervals between cystoscopy
could be extended.

UroVysion not only has good sensitivity for UC in
patients with biopsy-proven UC but also can detect recur-
rent UC before it is clinically evident by cystoscopy.3,19–21 In
the trial that led to FDA approval,21 Sarosdy et al. reported
that there were 36 patients with a negative cystoscopic
examination but a positive FISH result. With continued
follow-up, 15 (41.7%) of these cases were found to have
biopsy-proven tumor recurrence with time to tumor diag-
nosis of 3 to 16 months (mean 6.0 months). Conversely,
among 68 patients who had a negative cystoscopy and a
negative FISH result, only 13 (19.1%) had a biopsy-proven
recurrence at 3 to 19 months (mean 11.2 months). The time
to recurrence was significantly less (p = 0.014) for the
patients with a positive FISH result but a negative cys-
toscopy than for patients with a negative FISH result and a
negative cystoscopy.21

One of the greatest advantages of urine cytology over
other assays for UC is its high specificity. New assays that

improve on the sensitivity of UC detection but have worse
specificity than urine cytology are not particularly useful
since the urologist has to perform cystoscopy and perhaps
other studies to determine whether the result is a true- or
false-positive result. A number of the antigen-based assays
such as the FDA-approved BTA stat test have been shown
to have higher sensitivity than cytology but significantly
worse specificity. For example, the specificity of the BTA 
stat test is typically about 75%.22 By contrast, FISH with
UroVysion, like cytology, has high specificity for UC detec-
tion, typically exceeding 95%.3,16,19–21

The primary disadvantage of the FISH assay is that it
requires more effort than conventional cytology or point-
of-care assays such as the BTA stat test. Typical turnaround
times for the FISH assay are 1 to 2 days, though the test can
be performed in a single day. Automated “dot counters” are
under development, and these may increase the ease of
FISH test performance, reduce the cost of testing, and
increase the throughput and sophistication of the data that
can be obtained. Another shortcoming of the FISH test is
its inability to detect some low-grade papillary tumors. An
assay for UC cells that harbor FGFR3 mutations (see FGFR3
section below) may complement FISH and allow for the
detection of virtually all UC.

Microsatellite Analysis

Sidransky and coworkers have described an assay that uti-
lizes MA to detect recurrent UC.23,24 The principles under-
lying this test are that UC exhibit frequent AI of certain loci
(e.g., 9p21 and 17p13) and the detection of AI in urinary
cells provides evidence that the patient has UC. The test
also is able to identify tumor if there is evidence of MSI in
the DNA extracted from the cells of the urine. In practice,

Figure 25-2. Representative exam-
ples of nonneoplastic urothelial cells
(panel a) and UC cells (panels b and c)
with FISH. Nonneoplastic cells gener-
ally have two signals for each of the
four probes, though occasional non-
neoplastic cells show only one signal
for one or more of the probes due to
random overlap of signals or imper-
fect hybridization efficiency. UC cells
generally exhibit gains for two or
more of the probes (i.e., polysomy) of
the UroVysion probe set. The finding
of just a few cells with polysomy is vir-
tually pathognomic of malignancy.
Red signals, CEP3; green signals,
CEP7; aqua signals, CEP17; yellow
signals, LSI 9p21.
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however, the majority of cases found to be positive by MA
are positive because there is evidence of AI.12

A reference normal specimen, most commonly periph-
eral blood or buccal mouthwash, is required to perform this
test. DNA is isolated from urinary cells and the normal
tissue specimen from the same patient. Polymerase chain
reaction (PCR) of 20 or more polymorphic microsatellite
markers is performed separately for both the normal and
tumor tissue, and the PCR products are analyzed by poly-
acrylamide gel or capillary electrophoresis. The markers
used include loci that are frequently altered in UC, such as
loci on 3p, 8p, 9p, 11p, 17p, and 18q. Differences in the
pattern of PCR products are used to identify LOH and/or
MSI in the tumor cells. Representative examples of AI and
MSI can be seen in Figure 23-1 in chapter 23.

An initial study, in a relatively small population of
patients (20 patients with biopsy-proven bladder cancer),
revealed that the sensitivity of MA was 95% compared to
50% for urine cytology.23 Most cases were detected due to
9p21 loss, with only a few cases being detected due to the
presence of MSI.

Several studies have demonstrated the utility of MA for
the detection of UC in urine specimens.25–28 In a phase II
trial, MA was compared to the BTA stat test and cytology.25

The sensitivity of MA, the BTA stat test, and cytology were
74%, 56%, and 22%, respectively, while the specificity of
MA, the BTA stat test, and cytology were 82%, 79%, and
95%, respectively.

The MA method is promising but currently has several
limitations, which include labor-intensiveness, poorly
defined criteria for a positive result, and poor analytical
sensitivity. The criteria used to decide whether a case is
positive or negative for LOH, MSI, or both have not been
well defined. Studies are needed to define these criteria 
and determine how varying these criteria affects the 
sensitivity and specificity of the test. As for other tests,
less-stringent criteria for a positive case would increase 
sensitivity and decrease specificity, while more-stringent
criteria would decrease sensitivity but increase specificity.
Most studies suggest that MA has high sensitivity and
specificity. However, a study by Christensen et al. suggests
that MA analysis lacks specificity.29 They found that
patients with benign prostatic hyperplasia and cystitis
showed evidence of MSI and LOH.

The analytical sensitivity (and consequently diagnostic
sensitivity) of MA is limited by the fact that as the percent-
age of neoplastic cells in the urine becomes smaller, detec-
tion of LOH or MSI becomes more difficult. The presence
of urinary leukocytes compromises the diagnostic sensitiv-
ity of MA.30 For this reason, MA would likely not 
be useful for detecting recurrent tumor in superficial UC
patients receiving Bacillus Calmette-Guerin (BCG) therapy,
since the these patients frequently have numerous leuko-
cytes in their urine. The sensitivity of MA also would be
expected to be low for urine samples with high percentages
of benign squamous cells, a common finding in nonclean
catch urine specimens.

Telomerase

Telomerase is an enzyme that normally maintains the length
of the telomeres in stem cells. Interestingly, telomerase is
upregulated in most malignant cells and is thought to be
necessary for the maintenance of the “immortal” phenotype
that typifies malignant cells. Because telomerase is over-
expressed in almost all malignancies but not in most normal
tissues, it has been suggested that telomerase may be a good
marker for the presence of malignant cells in various cyto-
logic specimens, including urine and oral washings.

The utility of telomerase for detecting UC in urine spec-
imens has been evaluated.31–35 Most of the early studies
assessed for the presence of telomerase activity with the
telomere repeat amplification protocol (TRAP) assay.36

Representative examples of patients with TRAP-positive
and -negative results are shown in Figure 25-3. The sensi-
tivity of the TRAP assay for UC has varied widely. Three
studies have shown that the sensitivity of the TRAP assay
for UC is higher for bladder wash specimens than for
voided urine specimens.33,37 Most of the studies demon-
strate that the TRAP assay has high specificity for UC.
One possible reason for the relatively poor sensitivity of
the TRAP assay observed in some studies is that the 
telomerase enzyme is labile. For example, an initial study
by Ramakumar et al. had a much higher sensitivity of
telomerase than a follow-up study by the same group.31,38

1 2 3 4

Figure 25-3. Representative examples of telomerase positive and negative cases. Lane
1, thyroid cancer cell line (positive control); lanes 2 and 3, positive telomerase results for
urinary sediments from patients with UC; lane 4, negative telomerase result for urinary
sediment from patient without UC. The positive cases demonstrate the ladder typically
seen when telomerase activity is present in the specimen.
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The most likely explanation is that in the original study, the
urine specimens were placed on ice and processed quickly
for telomerase activity, while in the follow-up study, the
urine specimens were collected at ambient temperature
and processed several hours after collection.

Nonfastidious assays for telomerase are needed for 
practical reasons. Several investigators have attempted to
overcome telomerase lability by assaying for the RNA 
component of telomerase using a reverse transcription–
polymerase chain reaction (RT-PCR) assay rather than for
telomerase activity.34,35 These studies suggest that the RT-
PCR assay is more sensitive but less specific than the TRAP
assay. For example, Neves et al. reported a sensitivity and
specificity of 75% and 69%, respectively, for RT-PCR detec-
tion of telomerase.32 It should be possible to define cutoffs
for the RT-PCR assay that improve the specificity of the
assay.

FGFR3

The detection of cells in the urine that harbor FGFR3 muta-
tions is a promising way to detect the low-grade papillary
tumors that are not discovered with assays such as FISH or
MA.14,30,39 FGFR3 is a tyrosine kinase receptor. Germline
point mutations in various domains of FGFR3 are associ-
ated with human skeletal disorders such as hypochon-
droplasia and achondroplasia, and somatic mutations of
FGFR3 have been identified in bladder cancer and
myeloma. Interestingly, two groups have demonstrated a
high frequency of somatic FGFR3 point mutations in low-
grade papillary UC and urothelial papilloma but not in
high-grade papillary UC, CIS, or invasive UC.14,39 Billerey et
al. found that the frequency of FGFR3 mutations by stage
was pTa 74%, pTis 0%, pT1 21%, and pT2 to pT4 16%.
Grade 1 showed 84%, grade 2 showed 55%, and grade 3
showed 7%. The most commonly identified FGFR3 muta-
tion was an S249C mutation (33 of 48 tumors; 69%), but
R248C, G372C, Y375C, and K652E mutations also were
identified. The difference in the frequency of FGFR3 muta-
tions between low-grade and high-grade tumors was
highly significant (P < 0.0001) and is consistent with the
current model of bladder tumor progression in which the
most common precursor of invasive UC is CIS (Figure 25-
1).

Other Molecular Diagnostic Assays for UC

TP53 mutations are common in UC, especially in high-
grade UC.40 Assays that assess for TP53 status could 
potentially be used to assess prognosis and detect tumor
recurrence. Some studies have shown that TP53 overex-
pression detected by immunohistochemical analysis of
paraffin-embedded tumors is associated with worse prog-
nosis and higher risk of muscle invasion,41,42 while others
have not.43 Immunohistochemical analysis of bladder

tumors for TP53 expression has not been widely utilized
by urologists or pathologists. An assay that detects urinary
cells with TP53 mutations could be used to detect recur-
rent tumors.44 However, the heterogeneity of TP53 muta-
tions present in different bladder cancers makes it difficult
to design an assay for clinical use.

A few studies have shown that the antiapoptotic protein
survivin may be a sensitive and specific marker for the
detection of recurrent UC,45 but blinded prospective
studies are needed to further evaluate the clinical utility of
this assay. Alterations in certain genes such as glutathione
S-transferase M1 and N-acetyltransferase, that encode pro-
teins that metabolize carcinogens, may increase an indi-
vidual’s risk of developing bladder cancer especially among
smokers, but assays for these alterations also have not been
used clinically.46

Clinical Significance

Urine cytology has been the primary laboratory method for
diagnosing and monitoring UC for the past 50 years. Urine
cytology has excellent specificity but poor sensitivity for
the detection of UC.3 A survey of 20 published studies has
shown that the sensitivity of urine cytology for grade 1, 2,
and 3 tumors over the past 20 years has been 21%, 53%, and
78%, respectively.3 The problem with false-negative urine
cytology test results is that the patient’s tumor, if not
detected by cystoscopy either, will have 3 or more months
to progress to a higher, potentially incurable state before it
is detected. This is of particular concern for grade 3 UC,
which inexorably progress if not removed or treated.

The suboptimal sensitivity of urine cytology has
prompted investigators to develop new tests with improved
sensitivity for UC detection. For the most part, assays for
the detection of UC fall into one of three categories: mor-
phologic tests, antigen-detection tests, and molecular tests.
The only assay that uses cellular morphologic changes
alone to determine whether cancer is present is urine
cytology. Other assays such as Immunocyt and FISH use
morphology as part of the assay but also utilize the detec-
tion of tumor-associated antigens or genetic alterations,
respectively, as part of the detection method. Antigen-
based assays such as the BTA stat test and NMP22 rely on
the detection of antigens that are present at higher con-
centrations in the urine of patients with UC. Genetic assays
such as MA, FISH, and DNA ploidy analysis by image or
flow cytometry are based on the detection of genetic alter-
ations in cells that strongly suggest the presence of UC or
other tumors. Antigen-based tests often have statistically
better sensitivity but worse specificity (approximately
70%) than urine cytology. False-positive results can occur
with inflammatory states that lead to an increase in the
concentration of the antigens that are being measured. The
high false-positive rate for many of the antigen-based tests
leads to the need for confirmatory cystoscopy to determine
whether UC truly is present.
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Molecular tests generally have high specificity and sen-
sitivity but are more laborious than antigen-based assays.
Molecular tests tend to have high specificity because the
genetic alterations are generally specific for cancer and not
found in normal or reactive cells. Reactive cells are non-
neoplastic epithelial cells that exhibit atypical cytologic
features due to the presence of inflammation, chemother-
apy, or radiation.

Currently, there are no therapies that are directed to
specific molecular targets in UC. However, therapeutic
agents similar to Gleevec and Herceptin, which are used for
patients with specific genetic alterations in chronic myel-
ogenous leukemia (BCR/ABL translocation) and breast
cancer (HER2/NEU amplification), respectively, will pre-
sumably become available for treatment of UC patients.
When such agents become available, it will likely be impor-
tant to evaluate the patient’s tumor for the presence or
absence of the genetic alteration that the drug targets.

Quality Control and Laboratory Issues

While a number of molecular tests have been developed for
the detection of recurrent UC in patients, additional care-
fully designed and controlled studies are needed to further
evaluate the performance characteristics of most of these
assays before they can be widely introduced into clinical
practice. Nonetheless, it is likely that one or more of these
tests will be widely used by urologists to improve the man-
agement of patients who have been diagnosed with or are
being evaluated for UC. Test validation studies should 
evaluate the diagnostic sensitivity and specificity of these
assays relative to standard tests (such as cytology) in well-
characterized patient populations. When applicable,
receiver-operator curves should be evaluated to determine
how different cutoff values affect the diagnostic sensitivity
and specificity of the test. Other factors that need to be
assessed as a part of test validation include the analytical
sensitivity and reproducibility of the test, as well as speci-
men stability issues. For clinical implementation of a test,
appropriate controls should be included with each run. For
PCR-based tests, this would include positive, negative, and
“no DNA” controls, and possibly analytical sensitivity and
precision controls when a quantitative result is produced.
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Chapter 26
Sarcomas
Giovanni Tallini and Pei Hui

Molecular Basis of Disease

Chromosomal Translocations and Gene
Rearrangements in Sarcomas

Chromosomal abnormalities (translocations, inversions,
deletions, and insertions) are associated with DNA recom-
bination and structural rearrangement of the genes located
at the DNA breakpoints. If the breakpoint occurs within the
involved gene, an altered gene structure arises. If the break-
point occurs outside the gene, it may involve control ele-
ments critical for gene expression. In either case, the result
can be a dramatic change in the gene structure, expression
levels, or both.

Molecular analysis has identified two general mecha-
nisms through which chromosomal translocations result in
altered gene function. The first mechanism is gene fusion,
in which chimeric or fusion genes are the result of joining
of two parent genes (one upstream, or 5′, the other down-
stream, or 3′, to the breakpoint). Both genes are truncated
by the translocation involving the coding portions of the
parent genes. In general, translocation breakpoints are
located in noncoding introns and the normal splicing
mechanism removes the chimeric intron sequence. The
exons are spliced “in frame” for the translational reading
frame and can be translated into a novel fusion protein. In
rare instances, the breakpoints are located in the exons of
the parent genes. This may result in a novel chimeric
product if the translational reading frame is maintained, or
it may produce a truncated protein (encoded by the 5′ gene
sequence) if the reading frame is lost. Transcription of
chimeric genes is usually under the control of the upstream
parent gene promoter but may be influenced by DNA
sequences in or close to the downstream gene.

The second mechanism through which chromosomal
translocations result in altered gene function is promoter
swapping or exchange. The breakpoint occurs at the 5′ end
of the coding region of the involved gene. This results in
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Introduction

Oncologic molecular pathology focuses on identifying and
understanding molecular and genetic alterations under-
lying the development and progression of neoplastic
processes. Mesenchymal malignancies may be classified
into two pathogenetic types: sarcomas with complex
genetic alterations and sarcomas with specific recurrent
chromosomal translocations. The first type includes the
majority of high-grade, pleomorphic mesenchymal malig-
nancies that are characterized by complex chromosomal
abnormalities, for example, malignant fibrous histiocy-
toma (MFH), osteogenic sarcoma, and embryonal rhab-
domyosarcoma. In the second type, the sarcomas are
translocation specific, that is, harboring a recurrent chro-
mosomal translocation leading to an in-frame fusion of
coding sequences from each of the two rearranged genes.
The translocation results in the production of a chimeric
transcript encoding a fusion protein with oncogenic activ-
ity. Histologically, the translocation-specific sarcomas are
generally a monomorphic proliferation of neoplastic cells.
This pathogenetic classification appears biologically rele-
vant and is best illustrated by the sarcoma types observed
in Li-Fraumeni syndrome and therapy-related malignan-
cies. Li-Fraumeni patients, with TP53 germline mutation,
are prone to sarcomas with complex karyotypes, such as
osteogenic sarcoma and MFH, which constitute major 
mesenchymal cancers. On the other hand, translocation-
specific sarcomas virtually never occur in Li-Fraumeni
patients.1

During the past 10 years, tremendous progress has been
made in characterizing many translocation-specific sarco-
mas. These chromosomal translocations and associated
fusion genes are highly specific to given sarcomas and
occur in such a high prevalence that they are essentially
used to define these neoplasms at both the pathobiological
and clinical diagnostic levels.2,3 These sarcomas are the
focus of this chapter.
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the replacement of its promoter region with enhancer ele-
ments or the promoter from the translocation partner.
Promoter swapping leads to transcriptional activation, but
the protein is wild type.

Numerous fusion genes have been identified in malig-
nant tumors of the soft tissues and in mesenchymal tumors
in general (see Table 26-1). The majority of sarcoma
translocations result in in-frame fusion genes, resulting 

Table 26-1. Chromosomal Alterations and Aberrant Gene Products in Sarcomas

Transcript
Variability

Chromosomal Fusion Prevalence (number of fusion Aberrant 
Tumor Type Changes Gene (%) transcript variants) Function Reference

Ewing’s sarcoma t(11;22)(q24;q12) EWS-FLI1 95 Large (18) Transcription Delattre. Nature.
(ES)/peripheral factor 1992;359:162.
neuroectodermal t(21;22)(q22;q12) EWS-ERG 5 Large (4) Transcription Sorensen. Nat Genet.
tumor factor 1994;6:146. Zucman.
(PNET) EMBO J. 1993;12:4481.

t(7;22)(p22;q12) EWS-ETV1 <1 Unknown Transcription Jeon. Oncogene.
factor 1995;10:1229.

t(17;22)(q12;q12) EWS-E1AF <1 Transcription Urano. Biochem Biophys 
factor Res Commun. 1996;

219:608.
t(2;22)(q33;q12) EWS-FEV <1 Unknown Transcription Peter. Oncogene. 1997;

factor 14:1159.

Desmoplastic small t(11;22)(p13;q12) EWS-WT1 100 Small (3) Transcription Ladanyi. Cancer Res.
round cell tumor factor 1994;54:2837.
(DSRCT)

Alveolar t(2;13)(q35;p14) PAX3-FKHR 95 None (1) Transcription Galili. Nat Genet. 1993;
rhabdomyosarc factor 5:230. Shapiro. Cancer
oma (ARMS) Res. 1993;53:5108.

t(1;13)(p36;p14) PAX7-FKHR 10 None (1) Transcription Davis. Cancer Res.
factor 1994;54:2869.

Alveolar soft part der (17) ASPL-TFE3 100 Small (2) Transcription Ladanyi. Oncogene.
sarcoma t(X;17)(p11;q25) factor 2001;20:48–57.

DFSP/giant cell t(17;22)(q22;q13) COL1A1-PDGFB 100 Large (>8) Autocrine Simon. Nat Genet. 1997;
fibroblastoma growth 15:95.

factor

Synovial sarcoma t(X;18)(p11;q11) SYT-SSX1 65 None (1) Transcription Clark. Nat Genet. 1994;
factor 7:502.

t(X;18)(p11;q11) SYT-SSX2 35 None (1) Transcription Crew. EMBO J. 1995;14:
factor 2333. De Leeuw. Hum

Mol Genet. 1995;4:1097.
t(X;18)(p11;q11) SYT-SSX4 <1 None (1) Transcription Skytting. J Natl Cancer 

factor Inst. 1999;91:974.

Clear cell sarcoma t(12;22)(q13;q12) EWS-ATF1 90 Small (2) Transcription Zucman. Nat Genet.
(malignant factor 1993;4:341.
melanoma of
soft parts)

Congenital t(12;15)(p13;q25) ETV6-NTRK3 100 None (1) Receptor Knezevich. Nat Genet.
fibrosarcoma tyrosine 1998;18:184.

kinase

Inflammatory t(1;2)(q25;p23) TPM3-ALK 20 None (1) Receptor Griffin. Cancer Res.
myofibroblastic tyrosine 1999;59:2776.
tumor* kinase

t(2;19)(p23;p13) TPM4-ALK 10 None (1) Receptor Lawrence. Am J Pathol.
tyrosine 2000;157:377.
kinase

t(2;17)(p23;23) CLTC-ALK Uncertain None (1) Receptor Bridge, Am J Pathol.
tyrosine 2001;159:41.
kinase

12q15 HMGIA2 Uncertain Unknown Transcription Kazmierczac. Cancer
rearrangement rearrangement cofactor Genet Cytogenet. 1999;

112:156.
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Table 26-1. Chromosomal Alterations and Aberrant Gene Products in Sarcomas (Continued)

Transcript
Variability

Chromosomal Fusion Prevalence (number of fusion Aberrant 
Tumor Type Changes Gene (%) transcript variants) Function Reference

Extraskeletal myxoid t(9;22)(q22;q12) EWS-CHN 75 Small (2) Transcription Labelle. Hum Mol Genet.
chondrosarcoma factor 1995;4:2219. Clark.

Oncogene. 1996;12:229.
t(9;17)(q22;q11) TAF2N-CHN 25 Unknown Transcription Sjogren. Cancer Res.

factor 1999;59:5064.
Panagopoulos.
Oncogene.
1999;18:7594. Attwooll.
Oncogene. 1999;18:7599.

t(9;15)(q22;q21) TCS12-CHN Uncertain Unknown Transcription Sjogren. Cancer Res.
factor 2000;60:6832.

Lipoma 12q15 HMGIA2-LPP 50† Unknown Transcription Ashar. Cell. 1995;82:57.
rearrangement Other cofactor Schoenmakers. Nat

Genet. 1995;10:436.
Petit, Genomics.

HMGIC 1996;36:118.
rearrangement

6p21 HMGA1 10† Unknown Transcription Tkachenko. Cancer Res.
rearrangement cofactor 1997;57:2276.

Lipoblastoma 8q11–13 HAS2-PLAG1 >90 None (1) Transcription Hibbard. Cancer Res.
rearrangement factor 2000;60:4869.

t(7;8)(q22;q12) COL1A2-PLAGI Uncertain Unknown Transcription Hibbard. Cancer Res.
factor 2000;60:4869.

Myxoid/round cell t(12;16)(q13;p11) TLS-CHOP >95 Small (3) Transcription Crozat. Nature. 1993;363:
liposarcoma factor 640. Rabbitts. Nat

Genet. 1993;4:175.
t(12;22)(q13;q12) EWS-CHOP 2–5 Unknown Transcription Panagopoulos. Oncogene.

factor 1996;12:489.

Well differentiated 12q13–15 HMGIC, >60 Unknown Gene Meza-Zepeda. Cancer.
liposarcoma amplification MDM2, amplification 2001;31:264. Pedeutour.

SAS, CDK4 resulting Genes Chromosomes 
in cell growth Cancer. 1994;10:85.
dysregulation

Endometrial stromal t(7;17) (p15;q21) JAZF1-JJAZ1 40–100 None (1) Transcription Koontz. Proc Natl Acad 
tumors factor Sci USA. 2001;98:6348.

Aggressive 12q13–15 rearr HMGIC Uncertain Unknown Transcription Nucci. Genes
angiomyxoma rearrangement cofactor Chromosomes

Cancer. 2001;32:172.

Angiomatoid fibrous t(12;16)(q13;p11) TLS-ATF1 Uncertain Unknown Transcription Waters. Cancer Genet 
histiocytoma factor Cytogenet. 2000;121:109.

Extrarenal rhabdoid del22q11.2 or INI1 deletion‡ >90 Unknown Loss of tumor Newsham. Genomics.
tumor 22q11.2 suppressor 1994;19:433.

rearrangement gene

Low grade t(7;16)(q33;p11) FUS-CREB3L2 >95 % Large Transcription Mertens. Lab Invest.
fibromyxoid (BBF2H7) factor 2005;85,408. Reid, Am
sarcoma J Surg Pathol. 2003;27,

1229.
t(11;16)(q11;p11) FUS-CREB3L1 <5 % Unknown Transcription Mertens. Lab Invest.

factor 2005;85,408.

*The proportion of inflammatory myofibroblastic tumors with ALK gene rearrangement is 35%, overall.
†Percentages indicate the proportion of tumors with abnormal karyotypes which have 12q13–15 or 6p21 chromosomal alterations. (Sources:
Heim S, Mitelman F. Cancer Cytogenetics, 2nd ed. New York:Wiley-Liss, 1995; Fletcher CD,Akerman M, Dal Cin P, et al. Correlation between
clinicopathological features and karyotype in lipomatous tumors. A report of 178 cases from the Chromosomes and Morphology (CHAMP)
Collaborative Study Group. Am J Pathol. 1996;148:623–630.
‡ No fusion gene is present.
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in abnormal chimeric transcription factors.3 In a few 
cases, the gene fusion results in an aberrant tyrosine kinase
or an autocrine growth factor.4–6 A recent investigation
identified the der(17) associated with the nonreciprocal
t(X;17)(p11.2;q25) of human alveolar soft part sarcoma.7

The translocation produces a chimeric transcript between
the TFE3 transcription factor gene and ASPL, a novel gene
at 17q25. ASPL encodes a UBX-like domain at the C-
terminus of the encoded protein. In alveolar soft part
sarcoma, the 5′ end of ASPL is fused to exon 3 or 4 of TFE3,
resulting in a fusion protein retaining the C-terminal 
TFE3 DNA-binding domain, a possible aberrant transcrip-
tional regulator.

A recurrent t(7;17)(p15;q21) has been identified in
endometrial stromal tumors.8 Two new zinc finger genes
are fused as a result of the translocation: JAZF1 and JJAZ1.
Protein products of the zinc finger genes usually function
as transcriptional regulators via specific DNA binding
through the zinc finger motif. The chimeric protein in
endometrial stromal tumors has a tumor-specific mRNA
transcript containing 5′ JAZF1 and 3′ JJAZ1 sequences
including the zinc finger encoding regions from both
parent genes. Since gene expression of wild-type JAZF1 is
present in normal endometrial stromal cells, the JAZF1-
JJAZ1 fusion gene present in endometrial stromal tumors
likely results in aberrant transcriptional regulation in a
lineage-specific manner.

Specificity and Oncogenic Nature of Sarcoma
Fusion Transcripts

Unlike many epithelial neoplasms, where diverse genetic
alterations usually underlie the stepwise progression of
precursor lesions leading ultimately to the emergence of
malignant clones, soft tissue malignancies have no
identifiable precursor lesions, and clear, stepwise progres-
sive mutational events have not been described. Rather,
more often than not, a single genetic alteration is found in
a particular type of sarcoma. In addition, chromosomal
fusions in soft tissue sarcomas do not seem to represent a
form of generalized genomic instability, as occurs with
germline TP53 mutations1 or with microsatellite instability
associated with colon carcinoma.9 Benign tumor counter-
parts of soft tissue sarcomas usually carry quite different
genetic or chromosomal abnormalities, or both. For
example, the specific sets of chromosomal alterations
found in soft tissue lipomas are not among those consis-
tently observed in liposarcoma.10,11 Similar to leukemoge-
nesis and lymphomagenesis, the fusion gene in a given
sarcoma is speculated to be oncogenic only in a specific cell
type at a specific differentiation stage.12

In general, the genes involved in sarcoma translocation
are transcription factors or cofactors. Many of the chimeric
proteins include a strong transcriptional activator N-
terminal domain encoded by one partner gene fused with
a DNA-binding domain encoded by the other partner gene.

In fact, fusion of domains capable of activating transcrip-
tion with other domains featuring specific DNA-binding
function appears to be a common theme shared among
neoplasms of mesenchymal derivation, such as soft tissue
tumors and leukemia. EWS (and its homologous TLS/FUS)
is a powerful transcription activator13 and provides a par-
adigm for this type of oncogenic mechanism, as also indi-
cated by its “promiscuity” as a fusion partner (Table 26-1).

Available data indicate that the fusion genes produced in
translocation-specific sarcomas are the initiating events
that either are necessary or sufficient for the genesis of
these malignant soft tissue tumors. In vitro and in vivo
experiments have shown evidence of tumorigenesis with
the expression of these fusion genes. The most common
chromosomal translocation in myxoid liposarcomas,
t(12;16)(q13;p11), creates a TLS/FUS-CHOP fusion gene.
Transgenic mice expressing the altered form of FUS-CHOP
created by an in-frame fusion of the FUS domain to the
carboxy end of CHOP develop liposarcomas. No tumors of
other tissues were found in these transgenic mice despite
widespread activity of the transgene. The results provided
evidence that the FUS domain of FUS-CHOP plays a
specific and critical role in the pathogenesis of liposar-
coma.14 Alveolar rhabdomyosarcoma (ARMS) is consis-
tently associated with the characteristic translocation
t(2;13)(q35;q14) or t(1;13)(p36;q14), which encode the
PAX3-FKHR or PAX7-FKHR fusion oncoproteins, respec-
tively. PAX3-FKHR fusion protein contributes to oncogen-
esis through abnormal control of growth, apoptosis,
differentiation, or motility.15

Available Assays and Interpretation

A significant number of sarcomas have consistent chromo-
somal abnormalities that are detectable by standard cyto-
genetics or molecular genetic approaches (Figure 26-1).2,3,16

Target Method Tissue Requirement

Chromosome

Fusion gene

Fusion transcript

Karyotyping
FISH

Southern blot
Genomic PCR

RT-PCR/sequencing
Real-time RT-PCR

Viable tissue for culture

Unfixed (fresh or frozen)

Unfixed (fresh or frozen)

Unfixed (fresh or frozen)

Unfixed (fresh or frozen)
Paraffin fixed

Touch preparation
Unfixed (fresh of frozen)
Paraffin fixed

Figure 26-1. Molecular and cytogenetic methods for sarcoma diagnosis.
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Sarcomas in this group should be defined by their specific
molecular and cytogenetic alterations, although it will 
continue to be important to determine the sensitivity 
and specificity of these translocations for specific sarcoma
types and the relative roles of molecular and histological
classification of each sarcoma.

Karyotyping

Karyotyping is the classic cytogenetic approach for identi-
fying chromosomal alterations including translocations in
sarcomas.17 Optimally, the procedure requires a substantial
volume of viable, sterile tumor tissue, usually 1 cm3 to 2
cm3. The specimen should be harvested, placed in culture
medium as soon as possible, and transported to the labo-
ratory. Specimens also can be sent over a long distance at
either room temperature or refrigerated for up to 48 hours.
Small samples (limited incisional or needle biopsies) can
be successfully cultured and karyotyped, although they
may require a longer incubation time (1 to 2 weeks) to
obtain enough dividing tumor cells for analysis. Charac-
teristic and diagnostic chromosomal alterations seen in
human soft tissue tumors are listed in Table 26-1.

An obvious drawback of conventional cytogenetic
analysis is the requirement of adequate tumor cell growth
to obtain metaphase spreads. If tumor cells do not grow, a
false-negative result of a normal karyotype may occur due
to the presence of normal fibroblasts in the specimen.
Another pitfall of karyotyping is its limited resolution for
identification of cryptic alterations, which may occur in
sarcomas. Furthermore, translocations involving specific
chromosomal regions may not necessarily represent the
characteristic gene fusion for a specific sarcoma.
Confirmation by fluorescence in situ hybridization (FISH)
or molecular testing, therefore, is recommended for ques-
tionable cases or to reach a definitive diagnosis.

Fluorescence In Situ Hybridization

FISH provides a powerful diagnostic modality to demon-
strate a specific gene fusion or chromosomal alteration.
Metaphase chromosomal preparation from the tumor can
be used to demonstrate translocations by chromosomal
painting using chromosome-specific probes or gene-
specific probes. However, this is not always possible since
cell culture of sarcoma tissue to obtain metaphase chro-
mosomes may be unsuccessful. In these cases, interphase
FISH provides an excellent alternative using touch prepa-
rations from fresh or frozen tumor specimens without the
requirement for tissue culture. One major advantage of
interphase FISH over traditional karyotyping is the ability
to detect cryptic gene rearrangements. In fact, the chro-
mosomes of interphase nuclei are much more extended
than metaphase or prometaphase chromosomes. As a
result, FISH analysis performed on interphase nuclei
permits higher resolution and can help to determine the

physical mapping order of large DNA probes. Dual-colored
DNA probes from the two rearranged genes involved in the
translocation are most commonly used for the diagnosis 
of sarcomas with a specific translocation (Figure 26-2).
Chromosomal centromeric probes and DNA probes 
spanning the translocation breakpoint also can be used.
The interpretation of the FISH result depends on the types
of hybridization probes.

The possibility of performing interphase FISH on fixed
paraffin-embedded tissue, either on histology sections or
on nuclei preparations from paraffin blocks, has recently
increased its potential diagnostic applications.18,19 For
interphase FISH of paraffin-embedded specimens, analysis
of a nuclei preparation offers several advantages over the
analysis of histological sections. The nuclei are more 
individualized on the slide, offering easy access to probe
hybridization and interpretation. The complete genome of
each nucleus is available for FISH, because there is no trim-
ming effect as seen with histologic sections, in which some
nuclei are only partially present on a slide due to the sec-
tioning of the specimen (4–5 µm thick). On the other hand,
direct examiniation of histological sections allows for cor-
relation of FISH results with the architectural features of
the tumor.

Southern Blot

Southern blot analysis detects sarcoma-specific transloca-
tions using labeled DNA probes specific to the fusion
genes. The procedure is highly specific and particularly
useful in detecting translocations with frequently variable
translocation breakpoints, as for Ewing’s sarcoma (ES).
The main limitations of the Southern blot method are that
it is labor intensive and requires fresh or frozen tissue 

Figure 26-2. Dual-color interphase FISH is used to detect gene fusions in soft tissue
sarcomas. Breakpoint flanking probes (one red and one green) are hybridized to nuclei
preparation from paraffin-embedded tumor samples. The juxtaposed red and green
signals, which can appear yellow in some nuclei, represent the chromosomal transloca-
tion (present in all four nuclei shown).
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to obtain high-molecular-weight genomic DNA. False-
negative results may arise when DNA fragments surpass
the upper limits of DNA length (>15–20 kilobases [kb]), or
with fusion genes encompassing large intron(s). Increasing
the number of restriction enzymes usually resolves this
problem. False-positive results may be seen due to incom-
plete restriction enzyme digestion, contamination by a
cloning vector or bacteria, structural polymorphism of the
genes involved in the translocation, and restriction recog-
nition site variation.

Genomic Polymerase Chain Reaction

Polymerase chain reaction (PCR) amplification of the
region encompassing the breakpoint of a fusion gene is
often problematic. First, the breakpoint positions within
the introns of the two rearranged genes are often variable,
requiring selection of PCR primers within the adjacent
exon and resulting in a variable size of the PCR product
from case to case.Also, the introns can be very large, result-
ing in very large PCR products that may not be completely
amplified and reducing the sensitivity of the test. There-
fore, genomic PCR of sarcoma-specific translocations is
not used for clinical testing.

Reverse Transcription–PCR

Chromosomal translocations in sarcomas give rise to aber-
rant fusion transcripts that are highly specific to a given
tumor type (Table 26-1). More important, the structures of
these fusion transcripts are highly consistent. Although the
translocation breakpoint may involve various nucleotide
positions of an intron at the DNA level, the resulting fusion
transcript structure is the same due to RNA splicing. In a
given sarcoma type, the gene fusion point at the messen-
ger RNA (mRNA) level is highly precise to the single
ribonucleotide. It is the tumor specificity and structural
consistency of the fusion transcripts that make reverse
transcription–PCR (RT-PCR) the preferred method for
molecular detection of specific fusion transcripts.20

After reverse transcription of tumor mRNA into com-
plementary DNA (cDNA), PCR primers complementary to
the exons that flank the translocation breakpoint are used
to amplify fusion transcript-specific RT-PCR products.
Variations of RT-PCR methods have been used for the
detection of sarcoma-specific fusion transcripts. Since the
fusion joining point may be far away from the poly(A) tail
of the aberrant transcript, random hexamers or gene-
specific downstream primers should be used instead of
oligo d(T) for the reverse transcription of RNA into cDNA.
Instead of the traditional two-step RT-PCR method, reverse
transcription and PCR can be performed in a single reac-
tion, a procedure called one-step RT-PCR. The reverse tran-
scriptase works first at low temperature to convert mRNA
into cDNA, while the Taq DNA polymerase is inactive. The
temperature then is raised to inactivate the reverse tran-

scriptase, to activate the Taq DNA polymerase, and to ini-
tiate the amplification reaction at the same time. Reactions
with multiple primer sets are difficult to optimize but are
very convenient for molecular testing of sarcomas with
numerous fusion gene variants such as ES/peripheral neu-
roectodermal tumor (PNET).21 Nested PCR using an addi-
tional pair of primers to further amplify the first-round
RT-PCR product can greatly increase the sensitivity,
although it also increases the likelihood of cross contami-
nation.

Identification of a positive RT-PCR result usually relies
on detection of the expected-sized product on a common
DNA-separating gel. When fresh or frozen tissue is the
starting material, the target size of the RT-PCR product 
is designed carefully to be less than 500 base pairs (bp) 
and preferably around 200 bp. For fusion genes that have
little size variations, such as SYT-SSX fusion of synovial
sarcoma, the presence of a single RT-PCR product of the
expected size generally is considered adequate for positive
identification, although post-PCR confirmatory analysis of
the product sequence can be performed. For fusion genes
with molecular size variability, such as TLS-CHOP in
myxoid liposarcoma, additional analysis of the PCR prod-
ucts is mandatory to confirm the specificity of the PCR
products. Confirmatory methods include blot transfer with
subsequent hybridization with a fusion gene-specific
probe, DNA sequencing of the PCR product, restriction
endonuclease digestion analysis, or an additional nested
PCR step. Inclusion of positive and negative control reac-
tions is necessary because the high sensitivity of the
amplification process and cross-contaminations are major
problems with RT-PCR detection of fusion transcripts for
clinical diagnosis.

Paraffin-embedded blocks of soft tissue tumors may be
used as the source of RNA,22 although with some caution.10

As a result of the fixation and embedding processes,
the RNA from tissue blocks is substantially degraded.
RNA degradation requires that the size of the amplifi-
cation product be designed to be considerably smaller
(around 100 bp) compared to assays designed for use of
fresh or frozen tissue. RT-PCR from tissue blocks 
usually requires more amplification cycles, and a nested
approach may be necessary for the detection of the 
aberrant transcript. These assay-altered conditions
account for an increased risk of false-positive results due
to carryover contamination. Very stringent conditions and
additional control reactions are necessary to ensure test
specificity.

Consideration must be given to the variability of fusion
gene transcripts for each type of sarcoma (see Table 26-1)
when interpreting RT-PCR test results. For instance,
in ES/PNET, there are considerable variations among the
different exons involved in the gene fusion.21 Although the
tumors may be cytogenetically indistinguishable from one
another, they differ in the exon composition of the final
fusion transcript. Variant chromosomal translocations
involving different chromosomal partners also give rise to
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variability in approximately 5% of ES/PNET cases. In fact,
the t(21;22), instead of the far more common t(11;22),
results in the fusion of EWS with ERG.23 Very rarely,
EWS is fused with other loci including ETV1 or E1AF in
ES/PNET.21 Awareness of these variants is very important
when a negative RT-PCR for EWS-FLI1 occurs.

Real-Time RT-PCR

Real-time RT-PCR is a recent advancement in analysis of
mRNA.24 Although designed for quantitative measurement,
real-time RT-PCR has become a reliable detection method
for fusion gene transcripts.25,26 It has three major advan-
tages over the conventional endpoint RT-PCR. First, real-
time RT-PCR greatly enhances the specificity of detection
by incorporating a specific probe, complementary to the
region of the gene internal to the PCR primers. Second,
real-time PCR measures the geometric (exponential) phase
of a PCR reaction (cycles 20–25), offering an accurate
quantification of the fusion transcript. Third, the PCR
product accumulation is measured in real time by fluores-
cence detection through the semitransparent plastic cap of
the reaction tube and, therefore, post-PCR manipulation
and possible PCR contamination are reduced. Since its
introduction for molecular analysis, real-time RT-PCR has
shown conclusively high specificity and sensitivity, which
are important when analyzing very small samples or target
genes with very low expression levels.25 Simultaneous
amplification of multiple targets by multiplex real-time RT-
PCR is possible by using target-specific probes labeled with
different fluorescent labels.27

With careful optimization, real-time RT-PCR can be
highly reliable for detection of fusion transcripts using all
types of tissue sources.26 The early geometric phase detec-
tion with enhanced specificity and elimination of post-PCR
manipulation makes real-time RT-PCR ideal for detection
of sarcoma fusion transcripts, even if the RNA source is
paraffin-embedded tissue.28 The specific and quantitative
detection power of real-time RT-PCR using paraffin-
embedded tissue is illustrated in Figure 26-3, in which
amplification of the SYT-SSX fusion transcript of synovial
sarcoma is shown. Positive identification of fusion tran-
scripts can be achieved using as little as 20 ng of RNA
extracted from one paraffin block, making small speci-
mens, such as core needle biopsies, suitable for definitive
molecular diagnosis. Overall, real-time RT-PCR offers
significant advantages over conventional RT-PCR. It is
technically easier, more rapid, and more sensitive. Because
a specific probe is included in the reaction, secondary
confirmation is unnecessary, and the problem of carry-
over cross-contaminations is minimized. The operating-
cost profile and time to reporting also are in favor of
real-time RT-PCR over conventional RT-PCR.25 The 
routine clinical applications of real-time RT-PCR for
sarcoma diagnosis and minimal disease detection are
highly promising.

Clinical Utility of Testing

The molecular characterization of human sarcomas 
is resulting in rapid progress in sarcoma classification,
diagnosis, disease monitoring, prediction of outcome, and
design of novel therapeutic strategies.

Establishing Definitive Diagnosis and
Redefining Tumor Entity

Soft tissue tumors comprise a vast and heterogeneous
group of neoplasms. Because different tumors often have
different biological behaviors and respond differently to
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therapeutic strategies, precise classification is of clinical
importance. The majority of soft tissue tumors were first
delineated on the basis of morphologic and clinical findings
into homogeneous groups. However, it has increasingly
been appreciated that many tumors with similar histologi-
cal and pathological characteristics actually are heteroge-
neous groups of tumors that differ in their clinical behavior
and underlying pathogenesis. Correlation of cytogenetic
and molecular data with pathologic findings is essential for
understanding both the biological significance and the clin-
ical value of specific molecular changes.

A surprising correlation has emerged among chro-
mosomal alterations, gene rearrangements, and distinct
histopathologic entities. Morphologic and cytogenetic/
molecular observations in fact have been validating each
other in the classification of soft tissue tumors, and a 
combined approach has resulted in a more rational
classification of soft tissue tumors. This approach has been
particularly helpful in understanding the so-called small
round blue cell tumors. It is now accepted that ES and
PNET are essentially a single tumor type defined by the
characteristic translocation between chromosomes 11 and
22, resulting in an EWS gene rearrangement. Despite the
morphologic similarities, typical olfactory neuroblastoma
lacks EWS rearrangement that argues against the previ-

ously proposed inclusion of this tumor in the ES/PNET
group.29 The finding of PAX-FKHR chimeric products is of
considerable value in defining ARMS. In fact, the small pro-
portion of primitive embryonal-like RMS containing a
PAX-FKHR gene fusion likely represents unrecognized
solid ARMS.30 Molecular diagnosis also allows the certain
identification of previously unrecognized variants of
known tumors. One such example, illustrated in Figure 26-
4, is a poorly differentiated synovial sarcoma with rhab-
doid features.

Another area that has significantly benefited by this
combined approach is that of adipose tissue neoplasms.
The finding of ring or giant marker chromosomes cytoge-
netically defines the group of atypical lipomatous tumors
(well-differentiated liposarcoma) and justifies the distinc-
tion of atypical lipomatous tumors from spindle cell and
pleomorphic lipomas.11 The finding of TLS-CHOP fusion
transcripts in both myxoid liposarcoma and round cell
liposarcoma demonstrates that they represent a contin-
uum, an observation nicely correlating with the not infre-
quent observation of cases with mixed histology.31 The
t(17;22), which produces the COL1A1-PDGFB fusion, is
present in both dermatofibrosarcoma protuberans (DFSP)
and giant cell fibroblastoma, indicating that these are adult
and pediatric presentations of a single tumor entity.5,32

Figure 26-4. RT-PCR detection of SYT-SSX2 fusion transcript in a primary poorly differ-
entiated synovial sarcoma of the lung with rhabdoid features. (Courtesy of Dr. Thomas
Ciesielski.) (a) CT scan of a 72-year-old with a subpleural 2 cm nodule. An extensive phys-
ical and radiographic examination of the patient failed to reveal a separate primary
lesion. (b) Proliferating tumor cells with rhabdoid cytoplasm. This histological variant of

synovial sarcoma may be difficult to diagnose without molecular testing. (c) RT-PCR of
formalin-fixed tumor tissue shows the presence of a 97 bp RT-PCR product from the SYT-
SSX2 fusion transcript in lane 2 (T, tumor). Lanes 3 and 4 are the negative (−) and posi-
tive (+) controls, respectively. (d) Direct DNA sequencing of the RT-PCR product from
panel c shows a SYT-SSX2-type fusion transcript.
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Providing Prognostic Information

Synovial sarcomas are histologically classified into bipha-
sic and monophasic types according to the presence or
absence of glandular epithelial differentiation. Synovial
sarcomas are characterized by a t(X;18)(p11;q11). The SYT
gene at 18q11 is fused with either SSX1 or SSX2 at Xp11.
Although there is only a 13-amino-acid difference between
the two types of fusion genes, the SYT-SSX fusion type cor-
relates with overall survival and histologic features of the
tumor.33,34 In patients with localized disease at presenta-
tion, SYT-SSX fusion type appears to be the only significant
prognostic factor in a multivariate analysis. Of 202 patients
with localized synovial sarcoma at diagnosis, the median
and 5-year survival for the SYT-SSX2 group were 13.7 years
and 77%, respectively, compared to 9.2 years and 61%,
respectively, for the SYT-SSX1 group.34

Studies in ES and ARMS have also established that alter-
native forms of the specific aberrant fusion transcripts may
have an important impact on one or more clinical features
or prognosis. The PAX3-FKHR fusion is an adverse prog-
nostic factor in ARMS.35 Therefore, not only is PAX-FKHR
fusion transcript the defining feature of ARMS, but also the
specific type of gene fusion present in the tumor identifies,
among patients with metastatic disease, a high-risk sub-
group (with PAX3-FKHR) and a favorable-outcome sub-
group (with PAX7-FKHR), as shown by a recent study of
the Children’s Oncology Group.36

Minimal Disease Detection

Molecular detection of occult tumor cells can be a prog-
nostic indicator important for clinical staging and selection
of therapeutic strategies. Detection of low-level expression
of EWS-FLI fusion transcripts in bone marrow and blood
has been reported in sarcomas.37,38 Micrometastases were
detected in 31% of patients with localized disease and 50%
of patients with clinically metastatic tumors. RT-PCR
detection of specific fusion transcripts has been used to
study the marrow and body fluids of patients with ES,
ARMS, and desmoplastic small round cell tumors (DSRCT).
Molecular evidence of metastasis was detected in all
patients with clinically evident metastatic tumors but not
in the patients with localized disease.39 Such applications
are just beginning to be explored. Although correlative
studies are needed to validate the prognostic significance
of occult tumor cells, it is clear that molecular staging is an
emerging field that may change the approach to the clini-
cal management of patients with soft tissue sarcomas.

Developing Tumor-Specific Therapy

The therapeutic implications of sarcoma-specific gene
fusion events are tremendous, since each fusion is a poten-
tial target for tumor-specific therapies. A tumor-specific

cytotoxic T-cell response can be induced by peptides
derived from the fusion point of the SYT-SSX chimeric
protein in synovial sarcoma that may function in 
vitro as a neoantigen.40 Other forms of tumor-specific
immunotherapies are under development. STI571
(Gleevec) is a potent, relatively selective inhibitor for the
BCR-ABL tyrosine kinase of chronic myelogenous
leukemia. STI571 is being successfully used to treat gas-
trointestinal stromal tumors with KIT mutational activa-
tion,41 and it has been shown to reduce the growth of
COL1A1-PDGFB-transformed animal cells as well as
primary cultures of DFSP tumor cells in vitro and in
vivo.6,42 These successes have opened the door to the design
of tumor-specific drugs targeting the fusion proteins
present in soft tissue sarcomas. Furthermore, specific
fusion transcripts also may be targeted through the RNA
interference mechanism43 or by other gene therapy
approaches.44,45

Quality Control and Laboratory Issues

In the clinical laboratory, the availability of two or more
unrelated test methods for the diagnosis of each sarcoma
type can facilitate the confirmation of unexpected results
or the resolution of discrepant results. One key issue
regarding the accurate molecular diagnosis of sarcomas is
the selection of the appropriate procedure. This is largely
determined by the type of sarcoma under consideration,
the tissue specimen type, and the specimen quality. For
fusion genes with limited structural variations, such as
synovial sarcoma, ARMS, clear cell sarcoma of soft parts,
extraskeletal myxoid chondrosarcoma, DSRCT, alveolar
soft part sarcoma, and inflammatory myofibroblastic
tumor, RT-PCR and real-time RT-PCR represent the first
choice method. Interphase FISH is the best choice for 
sarcomas having fusion genes with chromosomal and
intramolecular variations, such as myxoid/round cell
liposarcoma, DFSP, and ES/PNET. Ideally, all specimens
with a working diagnosis of sarcoma should have viable
tissue sent for karyotyping. A portion of the diagnostic
specimen can be temporarily stored in culture medium at
room temperature or 4°C until a provisional histologic
diagnosis is made, and then sent for karyotyping if appro-
priate.Whenever possible, a portion of the tumor specimen
should be frozen and stored, to provide the best source of
nucleic acid suitable for virtually all types of molecular
tests (Southern blot, RT-PCR, real-time RT-PCR, and
genomic PCR) used for molecular testing. Unfixed, fresh or
frozen tissue also is suitable for protein analysis, although
this is rarely used clinically. Touch preparations for FISH
should be made and stored for possible use. When only
paraffin-embedded archival material is available, inter-
phase FISH and real-time RT-PCR are the best testing
choices.

Turnaround time varies significantly among the differ-
ent testing methods. Cytogenetic karyotyping requires
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short-term culture (3 to 10 days). The length of time for
culturing reflects the quality as well as the quantity of the
specimen source, as well as the tumor proliferation rate in
vitro. Turnaround time for interphase FISH also depends
on specimen type. Touch preparation and frozen sections
allow for rapid FISH analysis (1 to 3 days). For archival
tissue sources, an additional 2 or 3 days are required to
obtain the nuclear suspension or the tissue sections. RT-
PCR has a 2- or 3-day turnaround time for common fusion
gene detection but requires a longer time for more complex
fusion variant detection. Real-time RT-PCR offers a shorter
turnaround time (1 or 2 days) because it does not require
post-PCR manipulation steps or confirmatory testing.
Longer turn-around times may be expected if the labora-
tory batches specimens and only runs the test once per
week, for example.

Conclusion

Cytogenetics and molecular cytogenetics have contributed
significantly to the study of the pathobiology of soft tissue
tumors. Identification of recurrent chromosomal changes
has resulted in the definition of an increasing number of
tumor-related molecular changes and is fostering a con-
tinual refinement of the classification of these lesions. The
recognition of distinctive rearrangements in tumor subsets
is providing powerful tools to complement the histological
diagnosis in a field in which pathological diagnosis and
clinical management are often difficult, due to both the
variety of tumor phenotypes and their relative rarity. In
this respect, novel technical approaches such as real-time
RT-PCR, and multiplex RT-PCR reactions for the detection
of fusion products specific for different tumor types offer
practical and cost-effective methods for complementing
histological diagnosis.
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Chapter 27
Gliomas
Robert Jenkins

Primary and secondary GBM usually present in patients
greater than 60 and less than 40 years of age, respectively.

Oligodendrogliomas are divided into two grades:
grade 2 (oligodendroglioma) and grade 3 (anaplastic 
oligodendroglioma). Some neuropathologists have
described a grade 4 oligodendroglioma.4 Ependymomas
are also classified as low and high grade.

One of the problems with the neuropathologic diagno-
sis of gliomas is their histologic heterogeneity. AA exhibits
increased cellularity, nuclear atypia, and mitotic activity.
Endothelial proliferation and necrosis are additional fea-
tures of GBM. Depending on the extent of surgical sam-
pling, some of the histologic elements that distinguish AA
and GBM may not be present in the specimen submitted
for pathological diagnosis, and some gliomas may be
undergraded. Thus, molecular markers that assist in tumor
grading are clinically useful.

In addition to histologic heterogeneity, diffuse gliomas
often exhibit cell type heterogeneity. Both astrocytic and
oligodendroglial elements are present in most diffuse
gliomas, especially those of grades 2 and 3. When both of
these elements comprise a significant proportion of the
tumor, the glioma may be classified as a mixed oligoastro-
cytoma (MOA). However, the assessment of the appro-
priate proportions is subjective, with a continuum from
“pure” astrocytomas, through mixed astrocytomas, to
“pure” oligodendrogliomas. In a comparison of correspon-
ding grade tumors, patients with oligodendrogliomas have
a better survival than patients with astrocytic tumors (the
survival of patients with MOA is intermediate). Thus,
molecular tools that assist with morphological classifica-
tion are clinically useful.

Molecular Pathology Tools for 
Glioma Grading

Gliomas have been extensively characterized by cyto-
genetic, molecular cytogenetic, and molecular genetic
methods (reviewed in References 3, 5, and 6). Figure 27-1
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Introduction

More than 18,000 people were diagnosed with and more
than 13,000 died from primary brain tumors in 2003.1 The
most common of the primary brain tumors is gliomas.
Depending on the grade and morphologic type of glioma,
newly diagnosed patients receive watchful waiting, surgi-
cal resection, radiotherapy, or chemotherapy, or some com-
bination of these therapies. Regardless of therapy, most
patients will progress and have a high risk of mortality and
reduced quality of life. Thus, there has been intense inter-
est in understanding the biology and genetics of gliomas,
to provide better diagnostic tools and new therapeutic
approaches. Molecular pathology markers are being
identified that have been or will soon prove to be clinically
useful in the practice of clinical neurooncology (see Table
27-1).

Pathology Considerations

Gliomas are classified into tumors of astrocytic, oligoden-
droglial, ependymal, and mixed lineage. Diffuse astrocytic
tumors are divided into three different grades by the World
Health Organization (WHO) system:2 grade 2 (or astrocy-
tomas [A]), grade 3 (or anaplastic astrocytomas [AA]),
and grade 4 (or glioblastoma multiforme [GBM]). These
tumors occur predominantly in adults. Diffuse astrocytic
tumors can be subclassified into several histological types,
including fibrillary, gemistocytic, small cell, and giant cell
subtypes. Several of these histological types can be found
within a single diffuse astrocytic tumor. Pilocytic astrocy-
tomas are nondiffuse and localized. These tumors are often
grade 1 and predominantly occur in children and young
adults. GBM can be subclassified into two groups based 
on the duration of symptoms.3 Primary GBM presents de
novo with a short duration of symptoms (often less than 3
months). Secondary GBM presents with a longer duration
of symptoms or with a preceding grade 2 or 3 glioma.
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summarizes the major genetic alterations found in diffuse
gliomas. Some of these alterations are highly correlated
with the grade of gliomas, especially for astrocytic tumors.

Several genetic alterations have been associated with
GBM, especially primary GBM. These alterations include
loss of chromosome 10, mutation of the PTEN gene, and
amplification of the EGFR gene with resulting over expres-
sion of the EGFR protein. While the clinical use of these
markers has not been completely validated, there is
growing evidence that they may prove useful as a molecu-
lar adjunct for glioma grading. The presence of EGFR
amplification, chromosome 10 loss, or PTEN mutation,

or some combination of the three, in a glioma indicates 
that the tumor is likely a GBM. Importantly, a small but
significant proportion of tumors with the histologic fea-
tures of AA have one or more of these alterations.7–11 It is
reasonable to hypothesize that since patients with GBM
have a poor prognosis, then patients whose AA shares
molecular characteristics with GBM also may have a poor
survival.

A recent Mayo Clinic/North Central Cancer Treatment
Group (NCCTG) study indicated that AA with chromo-
some 10 loss or PTEN mutation behaves like GBM.8 The
median survival of patients with AA and chromosome 10
loss or PTEN mutation was approximately 4 months, a sur-
vival worse than that of patients with GBM (who had a
median survival of approximately 12 months). The median
survival of patients whose AA lacked these alterations was
34 months. This difference in survival was statistically
significant even after adjustment for patient age, per-
formance score, and extent of resection, all of which are
important prognostic variables for patients with gliomas.
Importantly, the patient survival for GBM with and without
chromosome 10 loss or PTEN mutations was very similar.8

It is possible that sampling bias (in terms of the tissue
available for histologic and molecular analysis) may have
accounted for the differences. However, sampling bias is a
difficult problem to overcome in routine clinical practice,
and molecular testing for chromosome 10 loss or PTEN
mutations in a sample of a tumor with the features of an
AA indicates that the tumor may be a GBM.

Interestingly, the Mayo Clinic/NCCTG study did not
show that AA with EGFR amplification behaved like GBM.8

However, careful stratification indicated that AA and GBM
with EGFR amplification in young patients (i.e., less than
40 years old) progress much faster than AA and GBM

Table 27-1. Molecular Markers of Gliomas

Marker Indication

Markers Currently Entering Clinical Practice

1p/19q deletion testing Oligodendroglioma diagnosis and
prognosis

Prediction of oligodendroglioma 
therapeutic response

Markers with Clinical Potential

EGFR amplification Small cell GBM diagnosis and 
(overexpression) differentiation from 

oligodendroglioma
Prediction of high-grade glioma 

therapeutic response  to novel
EGFR pathway inhibitors

Chromosome 10 loss/ Prognosis of anaplastic astrocytomas
PTEN mutation Subclassification of mixed 

oligoastrocytomas

TP53 mutation Prognosis of anaplastic astrocytomas

1p/19q deletion testing Subclassification of mixed 
oligoastrocytomas

TP53 mutation
PDGFR overexpression

22q loss

Precursor
cell

1p and 19q loss

P16/P15/P19 loss

Low-grade
astrocytoma

RB1 mutation
19q loss

Anaplastic
astrocytoma

Low-grade
oligodendroglioma

Anaplastic
oligodendroglioma

Glioblastoma
multiforme

10q loss

Secondary GBM Secondary GBM

Chromosome 10 loss
PTEN mutation

PDGFR amplification

Chromosome 10 loss
PTEN mutation

P16/P15/P19 loss
EGFR amplification

Pr
im

ar
y 

GB
M

Figure 27-1. Possible genetic pathways of diffuse glioma formation
and progression (modified from References 5 and 6). Histologic clas-
sification is based on current WHO guidelines.2 Although the molec-
ular genetic evidence is increasing, it is not widely accepted that
anaplastic oligodendroglioma progresses to GBM (dashed arrow).
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without EGFR amplification in this age group.8 Conversely,
AA and GBM with EGFR amplification in older patients 
(i.e., greater than 60 years old) had a better prognosis than
those without this alteration. Importantly, this result has
been confirmed by another group.12 These differences in
age-related prognosis may reflect the different biology of
primary and secondary high-grade astrocytic tumors.
EGFR amplification is accompanied by sequence alter-
ations in the EGFR gene (reviewed in Reference 13). The
most common alteration is deletion of exons 2 to 7 (the
EGFRvIII variant), which generates an EGFR protein that
is active independently of ligand binding. However, there
are several other amplified and mutated EGFR proteins (for
example, the C958 variant is truncated after amino acid
958), some of which remain ligand dependent. Current
translational studies are investigating the prevalence of
these different amplified and mutated EGFR variants in
primary and secondary GBM, and in GBM from patients of
different ages.14

TP53 mutations are found in about half of astrocytomas
and AA. About one quarter of GBM have been observed to
have TP53 mutations, and these tumors often have the clin-
ical presentation of a secondary GBM. Since TP53 alter-
ations usually are associated with low-grade tumors, it has
been hypothesized that high-grade astrocytic tumors with
TP53 alterations may have a better prognosis. Except for
the rare giant cell and gemistocytic variants (in which TP53
mutations are especially prevalent15,16), TP53 alterations do
not seem to predict survival for GBM.17–20 However, in the
Mayo Clinic/NCCTG series, the median survival of patients
with AA and TP53 mutations was 5 years.8 This survival
was significantly longer than those without TP53
mutations.8

Although PTEN, chromosome 10, TP53, and EGFR alter-
ations have been found to be correlated with clinical grade
and thus with patient prognosis, they have yet to be rou-
tinely used in clinical practice for two reasons. First, the
studies require broader validation. Second, and more
importantly, the presence or absence of such alterations
does not currently change the clinical management of these
patients. High-grade glioma trials designed to specifically
evaluate the clinical usefulness of these markers are 
needed to move these molecular markers into clinical 
practice.

Molecular Pathology Markers of
Morphologic Glioma Type

Oligodendrogliomas have a better prognosis, grade for
grade, compared with MOA and astrocytic gliomas. In
addition, Cairncross et al. demonstrated in 1994 that some
anaplastic oligodendrogliomas respond to combination
chemotherapy and radiation therapy.21 Simultaneously,
several investigators observed that approximately 70% of
oligodendrogliomas have deletions of the chromosome 19
q arm, 70% have deletions of the chromosome 1p arm, and

60% have deletions of both arms (reviewed in Reference 5).
Usually, the entire chromosomal arms are deleted.22 In con-
trast, about 40%, 20%, and 10% of astrocytomas have dele-
tion of 19q, 1p, and both 1p and 19q, respectively.22 The
proportion of MOA with 1p and 19q deletions is interme-
diate, suggesting that some of these tumors can be grouped
with the oligodendrogliomas.22,23 A significant proportion
of MOA also have P53 mutations and other genetic anom-
alies, suggesting that these tumors can be grouped with the
astrocytomas.22,23

Two retrospective studies have provided evidence that
the oligodendrogliomas with 1p deletions, 19q deletions,
or both have a better prognosis and respond better to
chemotherapy and radiation therapy.24,25 While these
results need to be confirmed by prospective trials, the 
data strongly suggest that 1p/19q deletions are associated
with tumors of oligodendroglial lineage, with oligoden-
drogliomas that have a better prognosis, and with 
oligodendrogliomas that respond to chemotherapy and
radiation therapy.

Small cell GBM can be confused with high-grade oligo-
dendrogliomas. EGFR amplification is highly prevalent in
small cell GBM, occurring in 22 of 30 tumors in one study.26

Thus, the absence of 1p/19q deletions and the presence of
EGFR amplification increase the likelihood that gliomas
with large numbers of small, relatively regularly shaped
cells are likely to be small cell GBM.

Other alterations are thought to be prevalent in 
oligodendrogliomas that lack 1p and 19q deletions.
CDKN2A/CDKN2B/ARF (P16, P15, P19), PTEN, and chro-
mosome 10 are frequently deleted in high-grade oligoden-
drogliomas. The expression of CDKN2A and CDKN2B
often is inactivated by promoter methylation. While the
presence of these alterations is associated with a poorer
prognosis,24,27,28 their detection has not become a part of
standard clinical neurooncology.

Available Assays

Despite intensive effort, the target genes on 1p and 
19q have not been identified. However, molecular testing
for 1p/19q deletion can be performed by loss of
heterozygosity (LOH) analysis (currently by polymerase
chain reaction [PCR] analysis of microsatellite loci or 
by high-throughput analysis of single nucleotide poly-
morphisms) and by fluorescence in situ hybridization
(FISH) with locus-specific bacterial artificial chromosome
(BAC) probes. FISH can be performed on two paraffin-
embedded sections and does not require microdissection,
which is an advantage over the other non–in situ methods.
An advantage of FISH is that 1p/19q deletion can be focal,29

and normal cells are frequently present in gliomas. FISH
can directly evaluate lesions and tumor cells of interest. An
advantage of LOH analysis is that it can detect mitotic
recombination (which is not detected by FISH). However,
this LOH mechanism has been shown to be rare in
gliomas.22
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FISH detection of 1p and 19q deletions has been
described.22,25 Figure 27-2 illustrates typical 1p/19q FISH
results for two anaplastic oligodendrogliomas, one with
and one without 1p/19q deletion. Approximately 60% of
the nuclei in the tumor with 1p and 19q deletion contain
one 1p36 or 19q13.3 probe signal and two 1q24 or 19p13
control probe signals (Figure 27-2a). The remaining cells
with two signals for each probe are likely contaminating
normal glial, neuronal, or endothelial cells or tumor cells
that lack deletion. The mean 1p/1q and 19q/19p signal
ratios per nucleus are 0.62 and 0.71, respectively. Normal
value studies and an evaluation of a large series of tumors
by multiple methods indicate that ratios less than 0.80 are
associated with 1p or 19q deletion. By comparison, approx-
imately 60% of the nuclei in the tumor without 1p and 19q
deletion contain two signals for all four probes (Figure 27-
2b). The mean 1p/1q and 19q/19p signal ratios per nucleus
are 1.04 and 1.01, respectively. The nuclei with one signal
for each probe are likely a result of truncation of signals by
paraffin sectioning. The nuclei with three or more signals
are likely a result of nuclear overlap.

When used with appropriate control probes (e.g., the
BAC probes on 1q42 and 19p13), FISH is able to detect 1p
and 19q deletions in polyploid or aneuploid tumors. In
addition, trisomy 19 is detected by this FISH method, an
alteration long known to be associated with high-grade
astrocytic tumors.30 Based on normal value studies, we do
not report chromosome 1 or 19 aneusomy until the pro-
portion of nuclei with three or more signals for each probe
exceeds 30% of the nuclei evaluated.

Quantitative analysis of microsatellite alleles (QuMA) also
has been shown to detect 1p and 19q deletions (and trisomy
19).31 Both QuMA and current LOH analysis methods have
the capacity for automation and rapid throughput. However,
both require microdissection for accurate deletion detec-
tion, and this process increases turnaround time.

For similar reasons, FISH is the optimal method for the
detection of chromosome 10 loss and EGFR amplification.
In a careful method-comparison study, semiquantitative
PCR analysis and Southern blot analysis did not detect
small foci of EGFR amplification compared to FISH.8 The
most accurate means to detect the EGFRvIII variant in
gliomas is by immunohistochemistry with specific anti-
bodies.32 The other EGFR variants can be detected by DNA
sequencing of tumor specimens.

TP53 and PTEN mutation detection is best performed by
high-throughput DNA sequencing/alteration methods (see
chapter 2). The Mayo Clinic/NCCTG study included full
sequencing of the PTEN gene and exons 5 to 8 of the TP53
gene.8

Future Directions

Array-based gene expression and gene dosage analyses have
the potential to generate new molecular markers for many
cancers, including gliomas. Several groups are currently

evaluating these modalities in selected gliomas. Using an
1,100-gene expression array,Watson et al. have identified 196
transcripts that are associated with oligodendrogliomas 
of different grades.33 Similarly, two groups have used 12,000-
gene arrays to discover differential expression of a limited
number of transcripts that can be used to classify high-grade
gliomas.34,35 Array-based comparative genomic hybridiza-
tion (CGHa) likely will lead to the discovery of novel gene
dosage alterations that can be used to classify gliomas.36,37

Importantly, the markers (and marker panels) ascertained
by these methods will have to be carefully validated.
However, there is the exciting possibility that a limited
number of protein or genetic markers could be developed to
enhance the molecular identification of gliomas, and poten-
tially to standardize neuropathologic diagnosis.

Much of the current translational research in gliomas is
focused on developing therapeutic approaches that target
specific protein or genetic alterations, or both. The expres-
sion array studies described above have, as one goal, the
identification of new drug targets, but current research
already has identified promising targets for novel thera-
peutic approaches. For example, several components of the
receptor tyrosine kinase pathway are altered in gliomas:
EGFR is overexpressed, PTEN is mutated, and AKT2 is 
activated. Small molecule inhibitors, immunotherapeutic
modalities, and viral therapeutic agents are currently being
developed that target this pathway (for examples, see Ref-
erences 38 and 39) and are currently being tested in glioma
patients. Other pathways also are being targeted for novel
therapeutic approaches.

The design of current and future trials will need to develop
the concept that therapeutic approaches will be customized
to the molecular alterations found in specific tumors. Clini-
cal molecular pathology will play an important role in this
customization of clinical neurooncology practice.

Summary

Many advances have been made in evaluating the molecu-
lar genetics of gliomas. For example, the presence of 1p 
and 19q deletions is associated with gliomas of oligoden-
droglial lineage, with oligodendrogliomas that have a
better survival and with oligodendrogliomas that respond
to chemotherapy and radiation therapy. While prospective
data are needed to confirm these associations, 1p and 19q
deletion testing has become a part of routine neurooncol-
ogy practice. Alterations of chromosome 10, EGFR, PTEN,
and TP53 are associated with different grades of astrocytic
gliomas and with patient survival. While their clinical
utility requires further investigation, these markers (and
others) will be increasingly used to stratify patients 
to current and new therapeutic approaches. In the future,
it is likely that the survival rate of primary gliomas will 
be lengthened using biologically based treatment 
options linked with specific diagnostic biomarker 
profiles.
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Anaplastic oligodendroglioma with loss of 1p and 19q
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Figure 27-2. Representative histology and FISH results for two primary grade 3 anaplastic oligodendrogliomas. (a) An anaplastic oligodendroglioma with 1p and 19q deletion.
(b) An anaplastic oligodendroglioma without 1p and 19q deletion. The values in the tables summarize the percent nuclei with the indicated number of 1p36 and 1q24 or 19p13 
and 19q13.3 signals.
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Chapter 28
Molecular Detection of Occult Tumor Cells
Karen L. Kaul

detection of tumor cells by immunohistochemical or
molecular methods could lead to improved staging and
monitoring of cancer patients. Such techniques also have
been applied to the study of stem cell harvests, surgical
resection margins, and various body fluids. Molecular tech-
niques also have been proposed as tools for early detection
of certain cancers using samples such as sputum, stool, and
urine.

Since most solid tumors lack suitable genomic alter-
ations useful for detection, gene expression markers are
frequently employed. Thus, the basis for molecular detec-
tion is expression of a messenger RNA (mRNA) or protein
marker unique to the tumor cells that can be detected 
via reverse transcription–polymerase chain reaction 
(RT-PCR) or immunohistochemistry (IHC), respectively.
Unfortunately, truly specific tumor cell mRNA or protein
markers are rare, and for carcinoma (derived from epithe-
lial cells) markers are almost nonexistent. Most studies
have therefore utilized markers reflecting the general type
of cell or organ from which the tumor originates, and thus
detect the presence of an expression-positive cell amidst
the background of theoretically nonexpressing cells, such
as leukocytes. Such markers cannot distinguish tumor
from normal cells of the same cell type. Prostate-specific
antigen (PSA), cytokeratins, carcinoembryonic antigen
(CEA), and tyrosinase have been used as tumor markers,
detected by either RT-PCR or IHC assays. Novel molecular
and protein markers are being derived from new analyti-
cal approaches, such as expression microarray analysis.

Available Assays

IHC methods for tumor cell detection have been applied
widely to preparations of cells from bone marrow, lymph
node aspirates, and peripheral blood mononuclear cells.
Cells can be smeared or centrifuged by cytospin onto
slides, or sections taken from frozen or formalin-fixed,
paraffin-embedded tissue. IHC is performed using stan-
dardized methods. Slides can be scanned by eye, though 
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One of the key roles performed by pathologists is deter-
mination of the presence or absence of tumor cells in clin-
ical samples. This is the basis for most approaches to
staging, monitoring response to treatment, and detecting
relapse of neoplasia and, as such, is a critical step in deter-
mining the course of patient management. Pathologists
have utilized a variety of approaches, continually seeking
to improve performance and thus patient outcome. The lit-
erature reflects this quest, including reports assessing the
increased sensitivity afforded by step sectioning, immuno-
histochemistry, flow cytometry, and, more recently, molec-
ular approaches for the detection of tumor cells in blood,
bone marrow, and lymph node samples. The goal is, of
course, the more accurate detection of disease spread and,
ultimately, better patient care.

This chapter addresses some of the recent work in this
area, focusing on molecular and, to some degree, immuno-
histochemical approaches for the detection of rare tumor
cells in clinical samples.A synopsis of the hundreds of arti-
cles published to date is beyond the scope of this chapter;
instead, more general issues and findings are addressed,
along with presentation of selected work. Several reviews
are available for more detailed reading.1–6

Molecular Basis of Disease

Cancer metastasis occurs when tumor cells acquire the
ability to escape their local environment, enter the circula-
tion to reach distant sites, attach at the distant site, and pro-
liferate to form a metastatic lesion. Depending on the type
of tumor, cells enter either the venous or lymphatic circu-
lation (or both) and thus are spread to distant tissues (such
as lung, liver, or bone marrow), or local lymph nodes,
respectively, prior to the development of clinically
detectable metastatic lesions. The fact that significant pro-
portions of patients with organ-confined tumors who
undergo theoretically curative surgery later suffer recur-
rence of their disease argues that current approaches to
cancer staging are, to some degree, inadequate. Sensitive
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to achieve a high level of sensitivity, thousands to millions
of cells must be screened, which is tedious and time-
consuming. Thus, image analysis has become a popular
approach for screening.7 Alternatively, flow cytometry has
been utilized to achieve high number and rapid cell 
analysis.8

Tumor cells also can be assessed using DNA or RNA
targets. Genomic targets can be utilized, if available, for 
the detection of a particular type of tumor. DNA targets
have the advantage of greater stability compared to mRNA
transcripts and, unlike protein targets, can be amplified 
to obtain greater analytic sensitivity. Some types of solid
tumors do possess chromosomal translocations or point
mutations that can be utilized for early diagnosis or detec-
tion of residual disease. Examples include certain sarcomas
characterized by specific translocations, or KRAS muta-
tions common in pancreatic and colorectal carcinoma,
which have been used for detection of cells in pancreatic
fluid and stool, respectively.9–12 Microsatellite markers have
been employed to assess cancer in certain body fluids.13,14

However, for most cancers, such tumor-specific targets are
lacking, and thus mRNA expression unique to the cell of
origin for the tumor must be utilized.

For this purpose, RT-PCR has been widely used for
detection of occult tumor cells in a variety of sample types.
This approach permits analysis of a large number of cells
simultaneously, and with great analytical sensitivity owing
to the use of nucleic acid amplification. Key to the success
of this approach is the careful choice of the mRNA target
and meticulous design of the assay. Since few, if any, tumor-
cell-specific mRNA targets exist, target transcripts that are
unique to the tissue, such as cytokeratin for epithelial cells
or PSA for prostate cancers, generally are used. In some
cases, enrichment of tumor cells via immunoselection can
enhance both the sensitivity and specificity of the RT-PCR
assay.15,16 Amplification approaches other than PCR also
can be utilized effectively.17

Some investigators have targeted free nucleic acids in
serum or plasma, rather than in the cellular fraction. Both
DNA and RNA exist free in the circulation and have been
studied in patients with breast cancer, melanoma, and
colon cancer.14,18–20

Interpretation

In general, the interpretation of occult disease detection
assays consists of either a positive or negative result, given
that the assay controls are appropriate. For IHC markers,
nonspecific or aberrant expression of protein markers
requires that careful evaluation of the cytologic character-
istics of the positive cells be performed. The ability to visu-
alize cell morphology with IHC can reduce false-positive
results because the interpretation of a positive result can
be limited to IHC positive cells with tumor cell morphol-
ogy. In the case of genomic or mRNA targets, cytologic
evaluation is not possible, making target choice, and assay

design and validation even more critical. Carefully
designed and validated molecular assays will include pos-
itive and negative controls, as well as internal controls to
demonstrate the presence of intact and amplifiable nucleic
acid isolated from the patient sample. In particular, the
internal control should be present at a constant level, and
its expression should be low enough to accurately reflect
RNA degradation in the sample.

Issues with sensitivity and specificity exist for all occult
disease detection assays. The analytical sensitivity of each
assay should be determined using serial dilutions of a pos-
itive cell line or cell type into a negative cell population.
However, actual tumor cells may vary widely in the expres-
sion of the target mRNA or protein, and thus actual 
sensitivity may be significantly less than the sensitivity
using the control. Additionally, some markers may fail to
be expressed by tumor cells, or may be expressed inappro-
priately by other cell types.21,22 Some groups have utilized
multiplex assays in an effort to detect an increased range
of tumor cells.23–25 Others have used quantitative assays to
define a threshold value above which a positive signal indi-
cates the presence of tumor cells, and below which non-
specific or inappropriate expression of the marker is
assumed.26,27 However, because tumor cells may vary widely
in their expression of a particular marker, it is difficult to
define a clinically meaningful positive threshold above
background. These and many issues must be addressed for
assays to become more standardized, and thus for mean-
ingful for clinical use.

Clinical Significance

Perhaps the greatest challenge for the development and
validation of molecular assays for the detection of occult
tumor cells is the demonstration of clinical utility. Care-
fully designed assays can successfully demonstrate the
presence of tumor cells in clinical samples. Determining
the clinical significance of these cells is considerably 
more difficult. Significant questions remain for most
tumors regarding the issue of whether the presence of a
small number of occult tumor cells in any sample type
heralds the progression or recurrence of disease. While
genomic abnormalities may indicate the presence of
clearly malignant cells, protein or mRNA expression indi-
cates cells of a particular organ or cell type, which may 
or may not be malignant. If malignant, these assays
presently do not reflect the capacity for metastasis or 
progression. Additionally, the wide variation in assay 
protocols makes comparison of results between studies
difficult.

Hundreds of studies using IHC and molecular methods
to detect tumor cells have been performed. The sections
below address some of the specific issues for more com-
monly examined sample types, and Table 28-1 summarizes
a few studies, particularly those showing correlation to
clinical parameters, organized by tumor type.
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Lymph Nodes

The proportion of patients who relapse from tumors of all
types suggests that many patients are understaged and that
better methods are needed to detect nodal metastasis.
Tumor cells in lymph nodes can be detected by RT-PCR,
and cases of histologically negative nodes that are molec-
ularly positive are not uncommon. There is little question
that molecular testing can increase the sensitivity of occult
tumor cell detection. However, the clinical significance of
detecting occult tumor cells has not been fully clarified.
Several studies demonstrating a relationship between a
positive molecular result for lymph nodes and patient
outcome have been reported,29,41,47,48 while others have
shown no relationship. Many factors contribute to these
confusing results, including variations in the assays (dif-
fering targets, variable sensitivity and specificity) and the
amount of lymph node sampled (small metastatic foci may
be missed). Additionally, the clinical relevance of tiny
micrometastatic nodal metastases, even those evident by
histology, remains in question.49,50

With the availability of rapid-cycle PCR technology, the
application of molecular methods to the intraoperative
assessment of patient samples has been proposed. In

patients undergoing esophageal resection, RT-PCR has
been used to detect CEA transcripts in lymph nodes during
surgery and has revealed molecularly positive nodes that
are histologically negative. In this small series, the positive
patient suffered an earlier recurrence of cancer than those
who were RT-PCR negative.51

Blood

Many studies evaluating circulating tumor cells have been
published during the past decade. In a variety of tumor
types, a correlation between the incidence of blood-borne
cells and tumor stage has been demonstrated.4,32,40,52,53

Unfortunately, the data do not support the reverse
approach. At present, it does not appear possible to utilize
molecular means to more accurately stage a patient.33 Ulti-
mately, the presence of circulating tumor cells may provide
valuable information on the systemic spread of tumor in a
manner different from conventional staging approaches. In
prostate cancer, small but aggressive tumors may shed cells
into the circulation while a more indolent but larger tumor
may not; such a situation may appear to correlate poorly
with tumor stage but may more accurately reflect tumor

Table 28-1. Selected Molecular and Immunohistochemical Studies on Detection of Occult Tumor Cells

Sample Type Finding Reference

Breast

Blood In patients with metastases progression-free and overall survival correlated with circulating tumor cells 28
Nodes All histologically positive nodes and 36% of negative nodes yielded positive CK 19 RT-PCR 29
Marrow IHC detection of CK ⊕ cells correlated with progression 30, 31

Prostate

Blood PSA RT-PCR correlation with ⊕ margins 32
RT-PCR not useful in staging, not prognostically relevant in clinically localized prostate cancer 33, 34
PSA RT-PCR correlation relapse in African American men 35
RT-PCR positives reduced in response to androgen deprivation 36

Nodes IHC and RT-PCR correlated with relapse 37, 38
Marrow RT-PCR results correlated with disease-free survival 39

Colorectal

Blood RT-PCR results correlated with stage 40
CK 20 RT-PCR results correlated with prognosis 4

Nodes CEA RT-PCR in stage 2 patients correlated with decreased survival 41, 42
CK RT-PCR positives correlated with survival

Marrow CK 20 RT PCR correlated with outcome 4, 40

Melanoma

Blood RT-PCR predicted disease-free and overall survival 1
RT-PCR used to monitor interferon treatment 43

Nodes RT-PCR upstaged 25% of patients; associated with recurrence 44
Marrow RT-PCR an independent predictor of disease-free survival 1

Pancreas

Blood CEA RT-PCR correlated with survival 45

Lung

Blood RT-PCR correlated with survival, positives reduced in patients on chemotherapy 46

CK, cytokeratin; PSA, prostate-specific antigen; CEA, chorioembryonic antigen.
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aggressiveness. The detection of circulating breast cancer
cells has been correlated with vascular invasion in the
primary tumor. Larger studies using appropriate markers
are needed to determine how to integrate these molecular
test results into cancer staging strategies.

While a relationship between circulating tumor cells and
tumor stage is evident, few studies have demonstrated a
correlation between circulating cells and cancer recurrence
or progression. Such studies require lengthy patient follow-
up. Recently, however, a correlation between blood-borne
cells and disease-free survival following radical prostatec-
tomy has been reported.35

Marrow

In general, better correlation has been observed between
patient outcome and molecular or IHC detection of tumor
cells in the bone marrow compared to blood.4,30,39,40 It is
possible that circulating cells have the ability to get into the
bloodstream but lack the ability to survive at a metastatic
site, while cells in the marrow are at an “advanced” stage in
the metastatic continuum, having acquired the capacity to
survive in the circulation, attach, and grow in a remote
environment. This, however, is speculation until we better
understand the molecular events underlying the meta-
static process.

While few studies using single markers have shown
results that correlate with clinical or pathologic parame-
ters, correlation with survival/outcome was observed using
IHC to detect cytokeratin-positive cells in bone marrow
samples from breast cancer patients.30 Similar findings
have been reported for prostate39 and colorectal cancer.41 In
the United States, such studies can be hampered by clini-
cal practices that do not include bone marrow sampling as
part of routine staging for many tumors.

Margins

Technical advances in molecular methods are achieving
rapid testing capabilities that may facilitate the use of
molecular testing of surgical margins and lymph nodes in
the intraoperative setting. While not practical at present,
RT-PCR has been used for assessment of biopsies of the
prostatic fossa in men undergoing radical prostatec-
tomy.54,55 In both studies, positive RT-PCR results corre-
lated with clinical and histopathologic data.

Body Fluids

Cytologic assessment of peritoneal fluid is important in
assessing the spread of tumor during surgical resection for
ovarian and colorectal cancer. Studies report that positive
results for IHC or RT-PCR testing of peritoneal fluid are an
independent prognostic factor, correlating with disease
progression.4,56 Assessment of other body fluids by mole-

cular methods may become useful in assessing the spread
of tumors, as has been reported for pleural effusions from
patients with lung cancer.57

Some types of fluid samples can be obtained noninva-
sively and thus present attractive approaches to screening
and early diagnosis of certain cancers. Exfoliated cells are
present in the sputum of lung cancer patients.58 Other fluids,
such as pancreatic fluid and breast ductal lavage samples
may become valuable diagnostic samples.12 However, RNA
stability and the presence of adequate numbers of cells in
the sample will be considerations for test development and
validation. DNA alterations, if present, may be a more reli-
able marker for tumor cell detection.

Stem Cell Harvests

Whether the presence of tumor cell contamination in
peripheral stem cell collections correlates with earlier
relapse of breast cancer, as well as whether different
approaches to stem cell mobilization may lead to differing
levels of tumor cell contamination, has been debated for
several years. The literature reflects this confusion, with
numerous conflicting studies.4,59,60 Larger studies with
standardized methods are needed to determine the clini-
cal utility of this type of testing.

Monitoring Treatment

Application of molecular methods to monitoring treat-
ment response has become routine in the management of
patients with acute leukemia. While such approaches are
enticing for solid tumors, little data are yet available. In
prostate cancer patients receiving androgen-deprivation
treatment, a decreased incidence of circulating cells has
been reported.36 In a small study of breast cancer patients,
those patients on chemotherapy or hormonal therapy with
clinically evident metastasis showed a significantly lower
incidence of circulating cells than patients not on treat-
ment.15 Similar results were observed for lung cancer.46 RT-
PCR has been used to monitor interferon response in
melanoma patients.43 Further studies are warranted.

Quality Control and Laboratory Issues

As with all nucleic acid–based tests, a variety of controls
are required to ensure that reliable results are produced. A
positive control must be included, and may be diluted to
allow assessment of the assay sensitivity for each run. Neg-
ative controls also are critical and should provide controls
for amplicon carryover during sample preparation and
amplification. Perhaps the most critical control for RT-PCR
assays is an internal control to demonstrate the presence of
amplifiable mRNA in each sample. The lability of mRNA,
and the challenge of procuring clinical samples for 
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processing in a timely fashion, makes this an important
measure of the suitability of samples for analysis.

Target choice is critical and must be able to distinguish
between the tumor cells and other cells in the sample.
Assessment of assay specificity is a critical task in devel-
opment of an RT-PCR assay, and must include analysis of
a large number of clinical samples taken from patients
without disease as well as with benign disease of the organ
from which the tumor has developed. Numerous com-
monly used mRNA targets are known to potentially lack
specificity, such as cytokeratin 19, which is reported to be
expressed in normal leukocytes.21 As has been mentioned,
immunoselection of the tumor cells is one approach to
avoid false-positive results in this setting. Pseudogenes for
cytokeratin 19 and other genes can give rise to amplicons
that appear by size to be derived from mRNA, but in fact
reflect contaminating DNA present in the processed
sample. Amplification reactions must be designed to detect
gene transcripts rather than the gene itself, by using PCR
primers that span intron/exon boundaries.

Conclusions and Future Directions

Since 1991, when the first report of detection of circulating
cells in melanoma was published,61 investigation of the
clinical relevance of occult tumor cells in blood, bone
marrow, and other sites has eluded many teams of investi-
gators. The challenges in development and validation of
RT-PCR assays aimed at expression of a normal gene
(rather than a mutated, translocated, or chimeric gene) are
significant and have undoubtedly led to much confusion
within this field. Little standardization of these assays has
yet occurred, making comparison of results of the various
studies difficult. Carefully designed and controlled multi-
center clinical studies are needed to further clarify the
utility of this approach for any tumor or sample type. The
International Union Against Cancer (UICC) staging proto-
col was recently revised to include molecular results in
some of the categories, at this point largely to facilitate data
gathering.62

Finally, the optimal marker, or combination of markers,
for maximal sensitivity and specificity has not been deter-
mined. Recently, investigators have utilized gene expres-
sion approaches to identify panels of markers for use in the
detection of occult tumor cells. For example, Martin and
coworkers selected a set of 170 candidate genes using dif-
ferential display analysis comparing gene expression in
blood samples from normal and breast cancer patients.64

Further analysis used gene expression microarray methods
to refine this set to 12 genes that were upregulated in breast
cancer patients, though a significant number of false posi-
tives were observed.63 Other laboratories64 have used the
serial analysis of gene expression (SAGE) method to iden-
tify genes with abundant expression in breast cancer.
Markers are needed that indicate not only the presence of
tumor cells, but also the biologic relevance of the detected

cells. Uciechowshi and colleagues, for example, have
demonstrated that increasing genomic alterations in circu-
lating breast cancer cells are associated with an increased
risk of recurrence.65 The proliferative ability of these cells
may be another indicator of biologic potential.66

Thus, while promising, the IHC and molecular detection
of occult tumor cells remains for the most part a research
tool rather than a clinical assay. Significant efforts are
needed before we know how to appropriately apply results
to patient management. In many respects, this field paral-
lels that of HER2/NEU in the early days of investigation,
when experimental variation clouded clear conclusions.
Hopefully, in time, molecular detection of occult tumor
cells will have clear clinical utility and result in improved
patient outcomes.
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the clinical molecular laboratory and are unlikely to
replace conventional microscopy in the near future. It is
clear, however, that the practice of surgical pathology will
significantly change as these findings are able to be incor-
porated into daily use. Instead of translation of findings
from “bench to bedside,” as in clinical oncology, discover-
ies will be translated from “bench to microscope.”

Available Assays

DNA Microarray Technology

Comprehensive reviews of microarray techniques are
available.1–3 DNA microarrays are orderly, high-density
arrangements of nucleic acid gene segments (either
spotted complementary DNAs [cDNAs] or oligonu-
cleotides), which enable broad-scale gene expression
profiling. Labeled probes are generated from RNA by either
reverse transcription or an in vitro transcription reaction
using cDNA as a template and incorporating a specific label
(Figure 29-1). The labeled probes are hybridized to the
gene array, and relative signals detected, quantified, and
compared.

cDNA Arrays

cDNA arrays are produced by spotting individual cDNA
probes (usually purified PCR products) onto a solid
support (nylon membrane or glass slide) using a robotic
device, such that the entire array of spots represents a
cDNA library. The cDNA array is used to compare the gene
expression patterns of two conditions, such as normal
compared to diseased tissue, benign compared to malig-
nant tissue, or treated compared to untreated states. The
RNA populations from the two comparative conditions are
labeled with two different fluorescently labeled Cy-3 or Cy-
5 tagged nucleotides. The two RNA-derived labeled probe
sets are hybridized to separate arrays, or pooled in equal
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Molecular Basis of Disease

In 1999, the National Cancer Institute (NCI) began a
funding initiative called the Director’s Challenge: Toward 
a Molecular Classification of Tumors, with the goal of
defining comprehensive profiles of molecular alterations in
tumors that could be used to identify subsets of patients.
These molecular profiles would provide the basis for future
studies to validate the clinical utility of molecular-based
classification schemes. A further goal of this initiative was
the development and implementation of a plan for the
timely release of the extensive data sets expected to result
from these projects. At that time, it was becoming appar-
ent that the knowledge of the entire human genome 
combined with rapidly improving technology for compre-
hensive analysis of the 20,000 to 25,000 genes and encoded
proteins would provide an opportunity for a deeper under-
standing of the molecular basis of disease processes that
would guide the evolution of improved therapies based on
new diagnostic schemes. Specific molecular profiles corre-
late with important clinical parameters, which should allow
physicians to base management decisions on the molecu-
lar characteristics of an individual patient’s tumor, and
improve a physician’s ability to determine the primary
tumor site for tumors of unknown origin at the time of
their detection.

With the development and application of DNA micro-
arrays, the expression of almost all human genes now can
be systematically examined in human malignancies. This
has led to the identification of candidate molecular targets
for therapeutic intervention and biomarkers for early
detection of these diseases. Various studies have demon-
strated that patterns of gene expression can distinguish
between tumors of different anatomic origin and define
new subgroups of cancers with similar histologic appear-
ances but distinct molecular profiles. Some of these new
molecular subclasses of tumor appear to correlate with
clinical behavior. Tests for characteristic gene expression
patterns have not yet been translated into routine use in
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amounts and hybridized to the same array. The fluorescent
signals are measured and displayed as a ratio of the two
fluorescent signals.

Oligonucleotide Arrays

Oligonucleotide arrays use small DNA sequences (20 to 70
nucleotides in length), either synthesized chemically and
spotted onto a solid support or synthesized directly on the
solid support or chip, such that the entire array of spots
represents a set of genes. The most common version of
this type of microarray is produced commercially by
Affymetrix (Santa Clara, CA). In this version, the short
oligonucleotides (length varies depending on the version
of the chip) are synthesized in situ on the chip, with each
gene represented by several oligonucleotides distributed
along the length of the gene plus separate oligonucleotides
with a single base mismatch with the gene sequence and
used as a negative background control. Unlike spotted
cDNA arrays, the two RNA populations to be compared are
fluorescently labeled and hybridized to separate chips, and
the fluorescent signal is detected. Control complementary
RNAs (cRNAs) are spiked into each RNA population probe
and used as an internal hybridization control. The supplied
software converts the fluorescent intensity into a signal
value for each gene, which is directly related to the 
amount of target mRNA in the probe. The relative signals
for the same gene in the two RNA populations are then 
compared.

Proteomics

As in other high-throughput techniques, proteomics is in
the rapid phase of development, with perhaps greater
current attention to the technological advances than in the
field of DNA microarrays. Proteomics is devoted to large-
scale analysis of the proteome, which is the protein coun-
terpart of the transcriptome. The proteome represents the
result of gene expression, translation and protein degrada-
tion, and governs the phenotype of the cell, perhaps more
than the transcriptome. Like the transcriptome, the pro-
teome shows qualitative and quantitative changes during
pathologic processes.

Proteomic analysis started with conventional technolo-
gies such as two-dimensional gel electrophoresis coupled
with mass spectrometry.4 Two classes of proteome array-
based methodologies are distinguished by the nature of the
arrayed molecules: protein or protein-binding particles
(DNA, RNA, antibody, or other ligand). In one type of
protein array, a large amount of protein is spotted on a
solid support at a defined location and tested to character-
ize either a biochemical activity or a molecular interaction.
Protein microarrays may be comprised of antibodies,
whole cell or microdissected cellular lysates, recombinant
proteins, small molecule drugs, or phage or antibody-like
molecules. Two-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE), often referred to as gel-based pro-
teomics, multidimensional chromatography, and protein
biochips, in combination with mass spectrometry, are
among the proteomic tools that are currently available for
analysis of the proteome.

Proteomics encompasses many platform technologies
for protein separation and identification, for determining
biomolecular interactions, function, and regulation, and
for annotating, storing, and distributing protein informa-
tion. Today, the application of novel technologies from 
proteomics to the study of cancer is slowly shifting to the
analysis of clinically relevant samples such as biopsy spec-
imens and fluids. In the future, serum proteomic pattern
analysis might be applied to medical screening as a sup-
plement to diagnostic testing.

Tissue Microarrays

DNA microarrays provide invaluable tools for defining the
global expression profile of a particular tissue; however,
these studies are limited in that they are relatively expen-
sive and time-consuming and rely on fresh frozen tissue
that often is not readily available. Tissue microarrays
(TMAs) allow the high-throughput analysis of paraffin-
embedded tissues. This technique, originally described by
Kononen et al.,5 allows hundreds of tissue cores to be
placed in a single paraffin block known as a TMA. Two
instruments for the production of TMA blocks are avail-
able from Beecher Instruments (Sun Prairie, WI) and 
from Chemicon International (Advanced Tissue Arrayer,

Reverse
transcription

Tumor

RNA

In vitro transcription

Biotin-probe Cy-3 or Cy-5 probe

Oligo array CDNA array
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Data

Figure 29-1. Gene expression analysis of tumors. RNA is extracted from an unfixed
tumor sample and a labeled probe is generated from the RNA. The labeled probe is
hybridized to the microarray, which then is scanned. The expression values are derived
from the resulting hybridized probe signals, providing raw data for analysis.
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Temecula, CA). The construction of a TMA (Figure 29-2)
involves assembling a paraffin block containing hundreds
of tissue cores (0.6 mm in diameter) derived from different
“donor” blocks. Since the cores are very small, minimal
damage is done to the original block. The technology 
is based on precision micrometers, which move a needle
(0.6 mm to 2 mm in diameter) in the x- and y-axis.
Micrometer drives are used to position the punch assem-
bly with respect to the donor and recipient blocks. Once
the TMA block is created, at least 50 histologic sections can
be produced from the TMA block for either immunohisto-
chemisty or in situ hybridization (fluorescent, radioactive,
or nonradioactive probes).

TMAs can be created from single or multiple tumor
types, different grades or stages of tumors, using human,
mouse, or other animal tissues, or even cultured cell lines.
They do present a significant challenge of data manage-
ment, which is being addressed with new technologies.
Technologies also are available to produce TMA blocks
from frozen tissues.6,7 Several scanners based on digital
imaging and automated interpretation of immunohisto-
chemical results have been commercially developed,
including the BLISS imaging system (Bacus Laboratories,
Lombard, IL), the ScanScope slide scanner (Aperio 
Technologies, Vista, CA), the ACIS II (Clarient, San Juan

Capistrano, CA), and the Ariol system (Applied Imaging,
San Jose, CA). The results from TMAs have been validated
in several studies, which have shown that given adequate
redundancy, immunostained TMAs are equivalent to stan-
dard whole sections.8–10

Interpretation of Results

Expression Data Analysis

The use of DNA microarrays generates a large number of
individual data points, which must then be analyzed and
archived. Optimal analysis requires expertise in statistics
and bioinformatics, and the time and effort required to
progress from the initial data acquisition to the extraction
of relevant biological information is substantial. Some of
the key aspects involved include image processing, data
normalization, differential expression analysis, and data-
base management. Each of the areas is complex, and a com-
prehensive discussion is beyond the scope of this chapter
but can be explored further in several references.11,12

The process begins with image acquisition and analysis,
which is largely dependent on the technology platform
used. Data normalization issues are specific to the 

Figure 29-2. Tissue microarray construction and analysis. Tissue
specimens embedded in paraffin blocks are sampled with a metallic
punch, and the tissue cores are transferred to an empty paraffin block
to produce a tissue microarray. Sections taken from the tissue
microarray block will contain sections of all the sampled tissues,
which can be studied simultaneously by immunohistochemistry
(IHC), in situ hybridization (ISH), or fluorescent in situ hybridization
(FISH).
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microarray platform used for analysis, whether cDNA or 
oligonucleotide.

Investigators have adopted two general strategies for
interpreting microarray data, commonly referred to as
“unsupervised” and “supervised,” to establish the degree of
similarity between the gene expression levels in multiple
samples. Unsupervised analysis does not take advantage of
previous knowledge about samples in order to avoid any a
priori relational assumption about function, structure, or
any other experimental variable. The purpose is to identify
relationships between samples based on similarities in
gene expression. The most widely used of these techniques
is hierarchical clustering, the object of which is to group
together genes or samples with similar properties. The
results of this analysis are typically displayed as a dendro-
gram representing the relatedness of the genes expressed
within samples or of the samples themselves (Figure 29-3).
The genes are commonly represented by colors, the inten-
sity of which is proportional to the level of gene expres-
sion. Eisen et al.13 developed a widely used hierarchical
clustering and visualization software package called
Cluster and TreeView, which can be used for analysis and
display of microarray data.

Supervised methods, developed in statistics, are designed
to classify samples according to key properties and can be
used to test the strength of newly discovered sample rela-
tionships. This method also is used to look for statistically
significant differences between two or more groups of
samples. These methods rely on prior assumptions about
the samples, such as the grade or stage of the tumors.

A typical microarray experiment yields expression data
for thousands of genes from a relatively small number of
samples, and gene-class correlations, therefore, can be
revealed by chance alone. This issue can be addressed by
collecting more samples from each class studied, but this
is often difficult with clinical cancer specimens. Another
approach is to perform exploratory data analysis on an
initial data set and apply the findings to an independent
test set. Findings confirmed in this fashion are less likely to
be a result of chance alone. Permutation testing, which
involves randomly permuting class labels and determining
gene-class correlation, also has been used to determine sta-
tistical significance. Observed gene-class correlations that
are stronger than those seen in permuted data are consid-
ered statistically significant.

Procedures to assess and maintain sample quality and
calibrate scanning instrumentation to assure integrity of
the data sets have not been standardized. Microarray tech-
nology is evolving rapidly, and end users are only begin-
ning to learn how to interpret changes in largely unfamiliar
study endpoints. Therefore, proscriptive guidelines for data
interpretation also are not standardized. Establishment of
such guidelines may be detrimental because it may limit
exploratory research and the advancement of the science.
Once we have a better understanding of study design, an
accurate picture of the limitations of the technology, and
improved understanding of data interpretation, such
common guidelines may be possible.

Clinical Significance

The use of expression profiling for cancer diagnosis 
has been demonstrated for the classification of several
cancers, including breast cancer, lung cancer, and others
(Table 29-1). The potential applications of this new tech-
nology for elucidating disease mechanisms are vast. The
possible genes and proteins for therapeutic drug and gene
targeting may be identified with significant diagnostic,
therapeutic, and disease-monitoring implications. The
ability to work with limited amounts of starting RNA has
improved such that sufficient quantities of RNA for
microarray analysis can be extracted from formalin-fixed,
paraffin-embedded tissues. This advance should increase

Group 1 Group 2

Genes

Figure 29-3. Hierarchical clustering analysis. Tumors can be divided based on similar-
ities in gene expression patterns. Cells with log ratios of 0 are colored black, increasingly
positive log ratios with reds of increasing intensity, and increasingly negative log ratios
with greens of increasing intensity. Each gene is represented by a single row and each
tumor sample by a single column.

Table 29-1. DNA Microarrays Used to Classify Solid Tumors

Tumor Technology Reference

Lung Oligonucleotide array 14
15

Prostate Oligonucleotide array 16
Breast cDNA array 17

cDNA array 18
Spotted oligonucleotide array 19

Small round Oligonucleotide array 20
blue cell tumors

Melanoma cDNA array 21
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the potential clinical applications for archival pathology
tissues. Neoplastic cells purified by microdissection or flow
cytometry sorting can be isolated from small clinical biop-
sies to increase the number of samples for a given study or
for clinical testing in the future.

Solid Tumors

Tumors have been classified historically based on their
morphologic resemblance to normal tissue types. Microar-
ray analysis has been applied to many types of solid tumors,
including several studies involving breast cancer speci-
mens. Perou et al.17 explored expression-based breast cancer
classification by studying 65 breast adenocarcinomas from
42 patients. Hierarchical cluster analysis defined three sep-
arate subtypes in this highly heterogeneous tumor class,
based on patterns of gene expression. One subtype was
known (HER2/NEU/ERBB2 positive), and two others were
previously unknown (luminal-like and basal-like). The clin-
ical significance of the two novel cancer subsets has not
been established. In a subsequent study of 78 independent
tumors, clustering with the gene list from the first study
identified similar patient subclasses, which then were found
to be statistically significantly associated with differences in
overall patient survival and relapse-free survival.18

Metastatic Tumors

A study comparing the gene expression profile of localized
and metastatic prostate cancer demonstrated the power of
microarrays in the development of predictive markers.22

Varambally and colleagues23 found overexpression of the
polycomb group protein enhancer of zeste homolog 2
(EZH2) in hormone-refractory metastatic prostate cancer.
The overexpression of EZH2 was validated using tissue
arrays to show that the protein is overexpressed in the
metastatic tumors, and application of an emerging power-
ful technology called RNA interference to disrupt expres-
sion of EZH2 resulted in growth inhibition of a cell line
derived from human metastatic prostate cancer.

Two microarray studies have challenged the hypothesis
that tumors develop a metastatic potential as they grow.
The studies tested the hypothesis that primary tumors
harbor the necessary information to determine which
tumors are more likely to metastasize. By comparing a
series of breast tumors from node-negative and node-
positive patients, van de Vijver et al.19 found an expression
profile that correlated with a poor prognosis and higher
risk of metastasis.A second study suggests a broader appli-
cability of these findings. Ramaswamy et al. discovered a
genetic signature predictive of outcome by analyzing a
variety of primary and metastatic adenocarcinomas.24 A set
of 17 differentially expressed genes present in the metas-
tases was found in certain primary tumors without known
metastases, and was associated with a poor prognosis.

By using these specific gene expression signatures, the
metastatic potential of even early tumors could be estab-
lished, thereby identifying patients that should be treated
more aggressively.

Quality Control and Laboratory Issues

Microarrays can be used to identify markers that can be
validated using traditional diagnostic applications such as
immunohistochemistry and adapted for routine clinical
use. However, immunohistochemistry is generally non-
quantitative, standardization of antibodies can be labori-
ous, and multiplexing is difficult. More sophisticated and
high-throughput validation methods are required for
translation of microarray findings into clinical tests. An
alternative approach would be to use microarrays in the
clinical laboratory without the need for translation to
another testing platform. This would require either custom
arrays for different indications or whole genome analysis
of every sample coupled with an analysis of relevant genes.
As commercially available, low-cost, technically simple
arrays and easy-to-use analytic software become available,
routine clinical use of microarrays can be explored. In
addition, the resulting data from clinical microarray testing
could be used to generate large expression databases that
could serve as an increasing database of centralized and
standardized references to which new cancer samples
could be compared. The routine clinical use of microar-
rays, however, has yet to be established. As molecular sig-
natures of disease are identified, clinical testing for specific
markers will become essential for the use of tailored ther-
apies for individual patients.

The success of fully exploiting these powerful
approaches depends on several factors: development of
appropriate specimen handling techniques to assure target
integrity; the accurate selection, amplification, and location
of probe molecules; accurate reference sequence informa-
tion; accurate distinction among multiple products of a
single gene; precision image scanning; and reproducible
and accurate transformation of image files to numerical
data. For DNA and protein microarrays to be reliable tools,
they must possess probe sequences that hybridize with
high sensitivity and specificity, thereby allowing precise
detection of their intended targets. Results must be highly
reproducible, and quality control and quality assurance
methods must be established. Determining the appropriate
level of analytical and biological validation needed for each
medical application of microarrays and their supporting
computer-based bioinformatics systems raises new chal-
lenges for scientists in industry, academia, and regulatory
agencies.

Measurements of genomic and proteomic alterations
may be used to aid in risk assessment of patient subpopu-
lations, to establish more specific diagnoses, to select
optimal therapies, and to monitor patients’ responses to
therapies, for a broad variety of diseases, most notably
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cancer. Clinical trials of new drugs and biologics present
unique opportunities for concomitant studies of diagnos-
tics, including ones developed using microarray technolo-
gies, in a manner that meets both scientific and regulatory
needs. Failure to address diagnostic issues when designing
studies that promise new therapies can delay the scientific
development and regulatory approval of the new diagnos-
tics, impede full characterization of the new diagnostics
due to a loss of controlled patient samples, and compro-
mise evaluation of the therapy itself.

Once the strength of the linkage of genomic and pro-
teomic measurements to associated biological outcomes is
established, microarray testing methods must be available
with sufficient sensitivity, specificity, reproducibility,
robustness, reliability, accuracy, and precision for clinical
use. Regardless of the evolution of these high-throughput
techniques, the practice of surgical pathology will change.
One possible view of the future workflow for patient
samples is shown in Figure 29-4. As the power of microar-
rays and proteomics continues to develop, clinicians will
increasingly ask for the availability of clinical microarray
and proteomic testing of patient samples at the time of
diagnosis. The pathologist will have to be actively involved
in the implementation of such studies to ensure the
integrity of the studies and the resulting clinical tests.
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Acute Myeloid Leukemia
David Grimwade

erodimeric core binding factor (CBF) complex, which is
comprised of α and β subunits by the t(8;21)(q22;q22) and
inv(16)(p13q22)/t(16;16)(p13;q22) rearrangements, respec-
tively, which lead to formation of AML1(CBFα2/RUNX1)-
ETO and CBFβ-MYH11 fusions, respectively. A further
example is provided by the involvement of RARα in fusion
proteins resulting from rearrangements of 17q21 in acute
promyelocytic leukemia (APL). Retention of dimerization,
DNA-binding domains, or both within the resultant
chimeric fusion proteins provides the potential to alter the
pattern and repertoire of regulation of downstream target
genes.A growing family of oncogenic fusion proteins, which
include AML1-ETO and those involving TEL and RARα,
have been shown to recruit nuclear corepressor complexes
including histone deacetylase (HDAC), leading to tran-
scriptional repression of genes implicated in normal
hematopoietic differentiation.

Involvement of genes that encode proteins with a direct
influence on chromatin remodeling or with transcriptional
regulatory properties provides another recurring theme 
in the development of AML. Amongst this group are
translocations involving the MLL gene at 11q23, as well as
rearrangements disrupting genes encoding MOZ, TIF2,
P300, and CBP. Deregulation of class I homeobox (HOX)
genes, which encode transcription factors that play a key
role in pattern formation and organogenesis during embry-
onic development, as well as contributing to the organiza-
tion and regulation of hematopoiesis, provides a further
common mechanism in the development of AML. A rarer
target for AML-associated translocations involves genes
encoding components of the nuclear pore complex, which
plays a role in transport between nucleus and cytoplasm,
for example, NUP98 and CAN (NUP214) disrupted by
rearrangements of 11p15 and 9q34 (most commonly
t(6;9)(p23;q34), leading to DEK-CAN fusion), respectively.

The generation of chimeric fusion proteins, through
chromosomal translocations, which lead to a block in dif-
ferentiation and contribute to the biological characteristics
of different subsets of leukemia, is generally believed to 
be a primary event in the pathogenesis of AML. The 
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The diagnostic entity of acute myeloid leukemia (AML)
encompasses a heterogeneous group of diseases whose
prognosis differs substantially according to the nature of
the underlying molecular lesion and the age of the patient.
AML is predominantly a disease of the elderly with a dra-
matic increase in incidence in individuals over 60 years of
age. Traditionally, cases of AML have been classified as
primary (de novo) or secondary depending on the absence
or presence of recognized predisposing factors (see 
Table 30-1).

Molecular Basis of Disease

The molecular basis of AML is to some extent dependent
on the age of the population under consideration. In chil-
dren and younger adults, balanced chromosomal translo-
cations are relatively common, while in older patients AML
is characterized by a more common picture of chromoso-
mal losses and gains, often in the context of a complex
karyotype. Evidence to date suggests that karyotype
identifies biologically distinct subsets of disease and is
highly predictive of response to therapy and overall sur-
vival (reviewed in Reference 1).

Genetic Consequences of Chromosomal
Translocations Associated with AML

To date, more than 80 recurring balanced chromosomal
rearrangements associated with AML have been character-
ized at the molecular level (see Table 30-2). Such rearrange-
ments typically lead to the formation of chimeric fusion
proteins, which are believed to play a key role in mediating
the leukemic phenotype. A clear pattern is emerging
whereby chromosomal rearrangements disrupt genes
encoding transcription factors that under normal circum-
stances are directly involved in the regulation of
hematopoiesis (reviewed in References 2 and 3). Notable
examples include disruption of genes encoding the het-
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functional properties of the majority of AML-associated
fusion proteins are quite distinct from those generated by
chromosomal translocations associated with myeloprolif-
erative disorders, which typically involve genes encoding
components of signal transduction pathways and lead to
formation of chimeric proteins with aberrant kinase activ-
ity that provide bone marrow progenitors with a prolifer-
ative advantage (see chapter 35). Such fusion proteins are
rare in AML, with BCR-ABL occurring in only approxi-
mately 1% of cases. Nevertheless, over the last few years it
has become apparent that mutations in genes encoding
components of the signal transduction pathways are fre-
quent in AML; these include activating mutations of FLT3,
RAS, KIT, and SHP2. This latter class of mutations has been
proposed to cooperate with the chimeric oncoproteins gen-
erated by AML-associated translocations, thereby endow-
ing hematopoietic progenitors with the combined effects 
of a block in differentiation coupled with a proliferative
advantage.2 These are critical events in the development of
the AML phenotype.

Other Mutations Implicated in the Pathogenesis
of AML

Apart from the fusion genes resulting from chromosomal
translocations identified in AML, it has become apparent
over the last few years that other mutations play a role in
the pathogenesis of the disease.2,3 These fall into three cat-
egories: (1) mutations disrupting the function of tran-
scription factors that are implicated in hematopoiesis, (2)
mutations involving receptor tyrosine kinases and other

components of the signaling cascades, and (3) mutations in
the nucleophosmin (NPM1) gene encoding nucleophosmin.

Mutations in Genes Encoding 
Transcription Factors

The function of a number of key transcription factors that
regulate normal hematopoietic development is disrupted
in AML due to the presence of inactivating or dominant
negative mutations (see Table 30-3). The first such example
to be identified involved the AML1 gene, which was found
to be mutated in familial platelet disorder (FPD; reviewed
in Reference 2). This rare autosomal dominant condition is
characterized by progressive pancytopenia and dysplasia
and ultimately progresses to AML in a high percentage of
cases. AML1 is mutated in approximately 3% to 5% of
sporadic cases of AML, particularly those with acquired
trisomy 21 and cases with minimal differentiation 
(French-American-British [FAB] type M0; details of FAB
classification of AML are provided in Reference 7). Indeed,
AML1 mutations are detected in up to 25% of M0 cases and
are frequently biallelic.

The CCAAT/enhancer binding protein-α (CEBPA),
which plays an important role in granulopoiesis, also is a
relatively common target in AML, being potentially dereg-
ulated by the AML1-ETO and PML-RARα oncoproteins.
Furthermore, mutations involving CEBPA are present in
approximately 10% of cases of AML.3,8

GATA1 is a key transcription factor involved in
megakaryocytic differentiation and is mutated in cases 
of transient abnormal myelopoiesis (TAM) and acute
megakaryoblastic leukemia (AMKL, FAB type M7) arising
in infants with Down syndrome.9 The role of PU.1, which
has been implicated in normal differentiation of multiple
hematopoietic lineages, in the pathogenesis of AML is
somewhat controversial and awaits further investigation. A
number of studies have detected partial tandem duplica-
tions of the MLL gene in AML, particularly in cases with
trisomy 11 (reviewed in Reference 1).

Mutations in Genes Encoding Components of
Signal Transduction Pathways

Activating mutations in hematopoietic tyrosine kinases 
are frequent events in AML.2 Such mutations are likely to
confer a proliferative advantage, although evidence to date
suggests that they are unlikely to be the primary trans-
forming event. Mutation of the FLT3 gene encoding Fms-
like tyrosine kinase 3 is one of the most common genetic
lesions identified in AML thus far, being detected in almost
one third of cases (reviewed in Reference 5). The majority
are length mutations (internal tandem duplications, ITDs)
involving the juxtamembrane region of the receptor,
whereas approximately 4% to 7% of AML cases have 
mutations involving the activation loop. Nevertheless, both

Table 30-1. Factors Predisposing to the Development of Sec-
ondary AML

Genetic Predisposition

Down syndrome
Fanconi anemia
Other inherited bone marrow failure syndrome:

Shwachman-Diamond
Diamond-Blackfan
Dyskeratosis congenita
Kostmann’s
Familial platelet disorder

DNA repair defects, e.g., Bloom’s syndrome
Other tumor predisposition syndromes, e.g., Li-Fraumeni

Prior Hematologic Disorder

Chronic myeloid leukemia
Other myeloproliferative disorders
Myelodysplastic syndrome
Paroxysmal nocturnal hemoglobinuria

Exposure to Environmental or Therapeutic Agents

Chronic exposure to benzene and derivatives
Ionizing radiation
Chemotherapeutic agents

Alkylating agents
Topoisomerase II–targeting drugs
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Table 30-2. Frequencies of Specific Cytogenetic Abnormalities Determined in a Series of 1584 Patients Derived from the MRC AML10 Trial

Chromosomal Aberrations Frequency in
Associated with AML Children and
(grouped according to underlying Molecular Younger Adults Associated Clinical
molecular abnormality) Consequence (0–55 years) Features

Core binding factor gene rearrangement: 12%
AML1 (CBFA2) gene at 21q22 or
CBFB gene at 16q22

t(3;21)(q26;q22) EAP/MDS1/EVI1-AML1 fusion Rare
t(8;21)(q22;q22) AML1-ETO fusion 8% Often AML M2, associated with chloromas
inv(16)(p13q22)/t(16;16)(p13;q22) CBFB-MYH11 fusion 4% M4 with abnormal eosinophils (M4Eo)
t(16;21)(q24;q22) MTG16-AML1 fusion Rare Therapy-related AML

RARA gene rearrangement (17q12~21): 12% 5 fusion partners of RARA identified to date;* 
associated with APL

t(5;17)(q35;q12~21) NPM-RARA fusion Rare AML M3, ATRA sensitive
t(11;17)(q23;q21) PLZF-RARA fusion Rare AML M2/M3, ATRA and arsenic resistant
t(15;17)(q22;q12~21) PML-RARA fusion 12% AML M3, ATRA and arsenic sensitive

MLL gene rearrangement (11q23): 5% More than 30 fusion partners identified to 
t(6;11)(q27;q23) AF6-MLL fusion <0.5% date; therefore, only the commonest 
t(9;11)(p21~22;q23) AF9-MLL fusion 0.8% abnormalities detected in AML are listed;
t(10;11)(p11~13;q23) AF10-MLL fusion 0.8% associated with M4 and more commonly 
t(11;19)(q23;p13.3) MLL-ENL fusion† <0.5% M5. Some cases are therapy related,
Other 2.7% secondary to topoisomerase II–targeted 

drugs, particularly etoposide

Involvement of zinc finger encoding genes by rearrangements of 3q:
EVI1 gene at 3q26 or MDS/EVI1 homologue MEL1 at 1p36

inv(3)(q21q26)/t(3;3)(q21;q26) EVI1 overexpression 2% Trilineage dysplasia, dysmegakaryopoiesis
t(3;12)(q26;p13) MDS1/EVI1-TEL fusion <0.5%
t(1;3)(p36;q21) MEL1 overexpression <0.5%

Involvement of genes encoding factors involved in signal transduction: ABL at 9q34
t(9;22)(q34;q11) BCR-ABL fusion 0.8% Typically associated with CML and ALL

Detected in AML M0/1 and 2

Nuclear pore component genes:
CAN (NUP214) at 9q34 
NUP98 at 11p15

t(6;9)(p23;q34) DEK-CAN fusion 0.8% AML M2 with basophilia
t(11)(p15) NUP98 fusions Rare NUP98 rearrangements commonly associated 

with previous exposure to topoisomerase 
II–targeted drugs

Other genes encoding transcriptional regulators/chromatin modulators, including:
MOZ gene rearrangements at 8p11
CBP gene rearrangements at 16p13

t(1;22)(p13;q13) OTT-MAL fusion <0.5% Associated with infant AML M7
inv(8)(p11q13) MOZ-TIF2 fusion Rare AML M4/5 with prominent erythrophagocytosis
t(8;16)(p11;p13) MOZ-CBP fusion <0.5%
t(8;22)(p11;q13) MOZ-P300 fusion Rare
t(10;16)(q22;p13) MORF-CBP fusion Rare Childhood M5a

Ets family transcriptional factor genes:
TEL (ETV6) gene rearrangements at 12p13
ERG gene rearrangement at 21q22

t(12)(p13) TEL (ETV6) fusions Rare Associated with wide range of FAB types
t(16;21)(p11;q22) FUS-ERG fusion Rare Reported in AML M1,2,4,5,7

Other recurrent translocations in AML:
NPM on 5q34~35

t(3;5)(q25;q34) NPM-MLF1 fusion <0.5% NPM is also disrupted in t(5;17) in APL and 
t(2;5) in anaplastic lymphoma

AF10 on 10p12~p13
t(10;11)(p12~p13;q14~q21) CALM-AF10 fusion <0.5% Associated with poorly differentiated AML;

also detected in T-ALL

*NuMA-RARA and STAT5b-RARA associated with t(11;17)(q13;q21) and der(17), respectively, have been identified in only single patients.
†Three different MLL fusion partners have been identified in cases with t(11;19), with ENL being the commonest in AML.
ATRA, all-trans retinoic acid.
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types of mutation lead to constitutive activation of the
receptor. FLT3 ITDs are associated with higher presenting
peripheral blast counts and are commonly detected in AML
with normal karyotype and in PML-RARA-associated APL,
particularly the hypogranular variant form (M3v).

Mutations in NRAS or KRAS also are relatively common
in AML, occurring in approximately 20% of cases. Inter-
estingly, these rarely coexist with mutations of FLT3.
Indeed, RAS mutations are quite common in CBF
leukemias, while FLT3 ITDs are rare, the converse of
what occurs in APL. The RAS pathway also is activated in
the presence of mutations of the PTPN11 gene, which
encodes the SHP2 tyrosine phosphatase. PTPN11 is com-
monly mutated in juvenile myelomonocytic leukemia
(JMML) but also is involved in approximately 4% of AML,
being associated with M5 morphology, elevated leukocyte
count, and monosomy 7.10,11 Mutations affecting KIT occur
at a similar overall frequency in AML but are particularly
common in CBF leukemias, raising the possibility that in
this context they could provide a second hit, contributing
to leukemogenesis.

Nucleophosmin Mutations

Recently, mutation of NPM1, which is a multifactorial
nucleocytoplasmic shuttling protein implicated in 

regulating gene expression and the ARF-TP53 tumor-
suppressor pathway, has been identified as a common
mechanism in the pathogenesis of AML.12 Mutations
disrupt C-terminal tryptophan residues that are required
for nuclear localization, leading to a characteristic cyto-
plasmic staining pattern by immunohistochemistry using
antibodies against the NPM1 protein (that are in common
use in diagnosis of lymphoma with NPM-ALK fusion).12

Overall, approximately 35% of AML have NPM1 mutations;
however, mutation is particularly prevalent among cases
with a normal karyotype (48–62%).12–14 NPM1 mutations
are associated with FLT3 ITD, CD34 negativity, presenta-
tion with elevated leukocyte count, and M4/M5 FAB
type.12–14

Classification of AML

With the advent of routine cytogenetic characterization 
of AML, coupled with improved understanding of the
molecular basis of the disease achieved through cloning of
chromosomal breakpoint regions and identification of
mutations in a wide range of genes, it has become clear that
many primary AML-associated lesions that define biologi-
cal entities are heterogeneous when classified according to
FAB type.7 This underlies the finding that the diagnostic
karyotype is more highly predictive of initial response to

Table 30-3 Genes Subject to Mutation in AML
Frequency of Mutation

Gene in AML Associated Clinical Features
Transcription Factors 

AML1 3% (excluding M0) High frequency in AML M0 (~21%) and AML with acquired trisomy 21

CEPBA 10% Associated with AML M1, M2, and standard-risk karyotype; mutations not detected in 
AML1-ETO-positive AML

GATA1 Rare Mutations detected in transient abnormal myelopoiesis and AML M7 in Down syndrome

PU1 Not established Reported in cases of M0, M4, and M5*

MLL
Cleavage 3% DNA cleavage at TOPOII site
ITD 3% More common in cases with trisomy 11

Tyrosine Kinases and Other Signal Transduction Molecules

FLT3
ITD 20–25% More common in AML with PML-RARα (particularly M3v), DEK-CAN/t(6;9), and cases 
Activation loop with normal karyotype; associated with higher presenting blast counts; ITD relatively 

mutations† 4–7% rare in cases with adverse karyotypic features

KIT 3% More common in core binding factor leukemias; potential cooperating event in 
leukemogenesis; more common in AML with trisomy 4

NRAS/KRAS 20% Does not appear to be an independent prognostic indicator

PTPN11 4% PTPN11 encodes SHP-2; mutations associated with AML M5 and monosomy 7

Chromatin Modulators

NPM1 ~35% Mutated in >50% of normal karyotype AML; associated with FLT3-ITD, M5 morphology,
CD34 negativity, and elevated leukocyte count

*Based on report by Mueller et al.,4 but findings remain to be confirmed by other studies.
†Point mutations (e.g., D835/I836) and length mutations (FLT3-840GS).5,6
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therapy and risk of relapse than is the FAB type, which
reflects to a limited degree the molecular and clinical diver-
sity of the disease. In the latter respect it has become ap-
parent that cases of AML arising following previous
chemotherapy or radiotherapy or on the background of a
prior hematologic disorder such as myelodysplasia (MDS)
are associated with a generally poorer prognosis than cases
arising de novo. Moreover, there is increasing evidence,
for example, karyotypic similarities and high rates of
P-glycoprotein (PGP) overexpression, to suggest that 
a significant proportion of AML cases arising in older
patients are biologically akin to secondary leukemias.
These additional facets, that is, genetic and clinical features
that do not form a part of the FAB classification but are
highly pertinent to determining treatment approach for
patients with AML and predicting the likelihood of cure,
have been partly taken into account in the recent World
Health Organization (WHO) classification (reviewed in
Reference 15; see Table 30-4). The WHO system still,
however, retains a morphological classification for all cases
that do not fall into its “specific” clinical, morphological, or
cytogenetic groups. These morphological groups are based
on the FAB categories M0, M1, M2 M4, M5, M6, and M7,
with the addition of three new categories, namely, acute
basophilic leukemia, acute panmyelosis with marrow
fibrosis, and myeloid sarcoma. A major difference between
the FAB and WHO classifications lies in the minimum bone

marrow blast percentage as a cutoff separating MDS from
AML, with the WHO system dropping the FAB threshold of
30% blasts down to 20%. Moreover, cases with clonal
abnormalities in the form of t(15;17)(q22;q12~21), inv(16),
or t(8;21) are deemed to have AML irrespective of blast
percentage, according to the WHO system.

Indications for Testing

Thorough laboratory investigation of AML is fundamental
to the successful clinical management of the disease,
fulfilling diagnostic and prognostic roles. Prognostic factors
in AML can be subdivided into pretreatment and post-
treatment factors (see Table 30-5).With the exception of age
and type of AML (de novo vs secondary), pretreatment
determination of the likely outcome to therapy is depend-
ent on laboratory investigation, with karyotype and NPM1
and FLT3 mutation status being the most important factors
identified to date.5,13,14 Predicting likely outcome following
initiation of therapy falls entirely within the realm of the
laboratory and, for patients in morphological complete
remission (CR) after initiation of treatment, is dependent
on the detection of minimal residual disease (MRD), for
which a number of technologies have been developed (see
Rationale for MRD Monitoring below).

Establishing a Diagnosis of AML

Morphological analysis of peripheral blood and bone
marrow smears stained with Wright Giemsa or May-

Table 30-4. Classification of AML According to the World Health
Organization

AML with Recurrent Genetic Abnormalities

t(8;21)/AML1-ETO
AML with abnormal eosinophils and

inv(16)(p13q22)/t(16;16)(p13;q22)/CBFB-MYH11
APL with t(15;17)(q22;q12~21)/PML-RARA and variants
AML with 11q23/MLL abnormalities

AML with Multilineage Dysplasia

Following MDS or myeloproliferative disorder (MPD)
No previous history of MDS or MPD, but with dysplasia in ≥50%

of cells in two or more myeloid lineages

AML and Myelodysplastic Syndromes, Therapy Related

Alkylating agent/radiation-related
Topoisomerase II inhibitor-related
Others

AML, Not Otherwise Categorized, Classified As

AML, minimally differentiated
AML without maturation
AML with maturation
Acute myelomonocytic leukemia
Acute monoblastic/acute monocytic leukemia
Acute erythroid leukemia (erythroid/myeloid and pure

erythroleukemia)
Acute megakaryoblastic
Acute basophilic
Acute panmyelosis with myelofibrosis
Myeloid sarcoma

Table 30-5. Prognostic Factors for Subsequent Relapse in Patients
with Newly Diagnosed AML
Pretreatment Predictors

Major Other
Karyotype Elevated WBC
Molecular Elevated LDH

FLT3 ITD Secondary disease*
NPM1 mutation Dysplastic features*

Older Age BCL2/BAX ratio
Resistance protein expression e.g. PGP*
TP53 mutation*
Autonomous growth of AML blasts in 

culture*
Immunophenotype e.g. CD34 

expression*
Expression of chemotherapy 

metabolizing enzymes
Expression of BAALC, EVI1, and ERG

Posttreatment Predictors 

Initial response (post-induction blast count)
MRD assessment

Many factors (indicated by *) previously considered to confer
adverse risk have been shown to be closely related to cytogenetic
risk group.
WBC, presenting white blood cell count; LDH, lactate dehydro-
genase; PGP, P-glycoprotein; MRD, minimal residual disease.
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Grünwald Giemsa is clearly the first step in establishing a
diagnosis for patients with suspected leukemia. After
confirmation that a patient has acute leukemia on the basis
of morphology, cytochemistry, and immunophenotyping,
patients with AML may be further classified according to
blast characteristics and degree of differentiation in the
marrow.7 This initial workup may reveal features that are
helpful in predicting the presence of particular molecular
lesions (see Table 30-2), and may be especially valuable in
situations in which the expected cytogenetic abnormality
is lacking, yet the predicted fusion gene is formed as a
result of a cryptic rearrangement, for example, insertion
event, which may be detected by fluorescence in situ
hybridization (FISH) or reverse transcription polymerase
chain reaction (RT-PCR).16,17

It is critical to identify patients who could possibly have
APL, since these patients are at high risk of sudden induc-
tion death due to hemorrhage if not treated promptly and
appropriately. Furthermore, this group requires early intro-
duction of molecularly targeted therapy in the form of all-
trans retinoic acid (ATRA) in order to achieve optimal
treatment results. For the rapid diagnosis of APL, immuno-
fluorescent methods using antibodies directed against the
PML protein are of value, with the conversion from a
normal pattern of 5 to 20 discrete dots to a microparticu-
late nuclear staining pattern (>30 microspeckles; see Figure
30-1) being indicative of the presence of the PML-RARA
fusion gene.Alternatively, RT-PCR for detection of the PML-

RARA fusion transcript may be used to confirm the diag-
nosis of APL.

Immunophenotyping is a valuable component of the
routine diagnostic workup for patients with AML for a
number of reasons, including (1) establishing, confirming,
and further refining a diagnosis of AML, (2) identification
of potential prognostic markers, and (3) establishing
expression profiles suitable for subsequent MRD monitor-
ing. Although immunophenotypic studies are assuming a
more important role in the investigation of AML (reviewed
in Reference 18), they are not discussed in any great detail
in this chapter, which is restricted to the role of molecular
genetic analyses.

Role of Karyotype Assessment

Karyotype analysis should be considered a mandatory
component of the workup for all patients with AML, since
it provides important diagnostic and prognostic informa-
tion. Approximately 60% of cases of AML are characterized
by a clonal abnormality, and indeed, according to the 
new WHO classification, detection of t(15;17), t(8;21),
inv(16)/t(16;16), and MLL gene rearrangement can form
the basis of a diagnosis of AML in cases found to have less
than 20% blasts in the bone marrow.15 Cytogenetic analy-
sis is also of value in identifying patients who are candi-
dates for molecularly targeted treatment approaches. In

AML M1

AML M3
PML-RARA, positive

Figure 30-1. Rapid diagnosis of acute promyelo-
cytic leukemia with the PML-RARA fusion by PML
immunostaining. In leukemic blasts from cases of
PML-RARA-negative AML and in normal cells, PML
protein is localized within nuclear body structures
(PML nuclear bodies). In such cells PML antisera
detect a wild-type staining pattern comprising less
than 30 (typically 5–20) discrete nuclear dots, e.g., a
case of AML M1 (upper left panel). Whereas in APL
cases with the PML-RARA fusion, PML nuclear bodies
are disrupted, leading to a characteristic microspeck-
led/microparticulate nuclear staining pattern (>30
nuclear dots) with PML antisera, which detects PML-
RARA and wild-type PML proteins (lower left panel).
Nuclear integrity is confirmed by a nuclear stain or in
this case by phase contrast microscopy (right-hand
panels). These studies were performed with a PML
polyclonal antibody, with FITC conjugated secondary
antibody.
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Figure 30-2. Prognostic impact of diagnostic
karyotype in children and younger adults entered
into UK Medical Research Council AML10 trial.
Patients with t(8;21), t(15;17), and inv(16) were
found to have a superior overall survival and are
assigned to the favorable risk group in the MRC
classification system. Patients (lacking one of the
above abnormalities) with complex karyotype
(defined as five or more unrelated abnormalities)
or presence of -5/del(5q), -7, or 3q abnormalities
in the context of a noncomplex karyotype were
found to have a very poor outcome and comprise
the MRC adverse risk group. Patients with normal
karyotype or other structural or numerical abnor-
malities (other intermediate) comprise the MRC
standard risk group. (Figure prepared by Georgina Har-

rison, Clinical Trials Service Unit, Oxford, UK. Reprinted

from Grimwade D. The clinical significance of cytogenetic

abnormalities in acute myeloid leukaemia. Baillieres Best

Pract Res Clin Haematol. 2001;14:497–529; copyright

2001, with permission from Elsevier.)
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Figure 30-3. Prognostic impact of additional
cytogenetic abnormalities in children and younger
adults entered into UK Medical Research Council
AML10 and AML12 trials. Additional cytogenetic
abnormalities from either intermediate or adverse
risk categories did not confer a deleterious effect
on outcome among patients with favorable kary-
otypic features. In the remaining patients, pres-
ence of adverse karyotypic features was associated
with a poorer prognosis in comparison to patients
with intermediate risk abnormalities alone (pro-
vided that these did not number more than four
unrelated abnormalities, i.e., a very complex kary-
otype, which is associated with a poor prognosis).
Favorable, intermediate, and adverse risk groups
are as defined in Table 30-6. (Figure prepared by

Georgina Harrison, Clinical Trials Service Unit, Oxford, UK.

Reprinted from Grimwade D. The clinical significance of

cytogenetic abnormalities in acute myeloid leukaemia.

Baillieres Best Pract Res Clin Haematol. 2001;14:514; copy-

right 2001, with permission from Elsevier.)

particular, presence of the t(15;17), which generates the
PML-RARA fusion in APL, predicts a favorable response to
ATRA and arsenic trioxide, while detection of the rare, in
AML, t(9;22)(q34;q11), which leads to the BCR-ABL fusion,
identifies a group of patients with dismal prognosis when
treated with conventional chemotherapy, who could poten-
tially derive some benefit from imatinib.

Karyotype is the most important independent predictor
of outcome identified to date for patients with AML.Analy-
sis of large cohorts of patients receiving comparable treat-
ment approaches has permitted the determination of the
prognostic impact of the most common recurring cytoge-
netic abnormalities in AML (see Figure 30-2). Patients 
with t(15;17), t(8;21), and inv(16)/t(16;16), which lead to
PML-RARA, AML1-ETO, and CBFB-MYH11 gene fusions,
respectively, have a relatively favorable outcome; whereas
monosomies of chromosome 5 or 7, del(5q), 3q abnormal-

ities, and t(9;22) are associated with an adverse prognosis.
Consideration of the outcome of cases with more than one
cytogenetic abnormality, in which the karyotype includes
features that in their own right would confer favorable or
adverse risk, respectively (see Figure 30-3), has led to the
definition of hierarchical risk groups (see Table 30-6). The
distribution of the cytogenetic risk groups varies substan-
tially according to age. A greater proportion of younger
patients have favorable risk abnormalities, while older
patients are more likely to have AML with chromosome 5
and 7 abnormalities, often in the context of a complex kary-
otype, accounting for the expansion of the adverse risk
group in the age group of individuals 55 years and older
(see Figure 30-4). Cytogenetic classification of AML has
proved to be of immense clinical value and is used to deter-
mine treatment approach in a number of clinical trials.
It is now apparent that routine use of autologous or 
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allogeneic bone marrow transplantation (BMT) in first CR
has little to offer those patients with favorable cytoge-
netics, with any benefit in terms of reduced relapse risk
being more than offset by treatment-related mortality and
morbidity. Conversely, patients with adverse karyotypic
features fare extremely poorly with conventional therapy
and if no suitable allogeneic donor is available could be
considered candidates for more experimental treatment
approaches as part of first-line therapy.

Detection of Chromosomal Aberrations by
Molecular Screening/FISH

Although karyotype assessment provides a valuable frame-
work for design of risk-adapted treatment of AML, it has
some limitations as a means of determining the most suit-
able treatment approach for individual patients. Indeed,
information derived from karyotype assessment may be
substantially embellished by the results of molecular analy-

ses, which serve to further refine the diagnosis of AML, reli-
ably identify subgroups of patients that require a specific
treatment approach (e.g., molecularly targeted therapies),
and define targets for subsequent MRD assessment.

A critical failing of cytogenetic analysis is that it may
yield misleading results due to sampling of residual normal
marrow elements and is unsuccessful in approximately
10% of patients, with rates differing according to whether
samples are analyzed in local or more remote laboratories,
entailing substantial differences in transit time. In such
cases, RT-PCR, FISH, or both readily detect the presence of
fusion genes corresponding to the favorable cytogenetic
risk group. For patients lacking molecular evidence of
fusion genes associated with favorable risk, interphase
FISH may prove helpful in identifying lesions that would
assign cases to the adverse risk group. These include evi-
dence of loss of chromosome 5 or 7 material, a complex
pattern of losses and gains, or presence of the BCR-ABL
fusion. In non-APL patients, screening for involvement of
MLL in the pathogenesis of AML can effectively be per-
formed by Southern blot analysis. Although this is more
labor-intensive than RT-PCR or FISH, it provides ad-
ditional information indicating the presence of MLL
cleavage or duplication events, as well as occurrence of
translocations. It is not clear that screening for MLL abnor-
malities currently has any significant bearing on manage-
ment of AML, but it may be useful in identifying additional
patients with MLL-associated fusion genes who could be
monitored for MRD by PCR-based approaches.

For those cases of AML with evaluable metaphases at
diagnosis, patients may not necessarily be assigned to the
most appropriate risk group on the basis of karyotype
assessment alone, due to the occurrence of cryptic
rearrangements. Studies conducted by the European
Working Party and UK Medical Research Council (MRC)
have established that almost 10% of cases with morpho-
logic APL and successful karyotype analysis actually lack
the classical t(15;17) but nevertheless have an underlying
PML-RARA fusion.16,19 This is most commonly the result of
insertion events, in which chromosomes 15 and 17 are typ-
ically of normal appearance. Such cases share the beneficial

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

Favorable

Normal

Other intermediate

Noncomplex adverse

Complex

0-14 15-34 35-54 55+ year

Figure 30-4. Variation in cytogenetic risk group according to age. Cytogenetic risk
group (see Table 30-6) was determined in 2677 patients derived from Medical Research
Council AML10 and AML11 trials. Balanced chromosomal rearrangements associated
with favorable risk were relatively more frequent in children and younger adults, whereas
adverse karyotypic features were more common in older patients. (Reprinted from

Grimwade D, Walker H, Harrison G, et al. The predictive value of hierarchical cytogenetic classification

in older adults with acute myeloid leukemia (AML): analysis of 1065 patients entered into the United

Kingdom Medical Research Council AML11 trial. Blood. 2001;98:1312–1320. Copyright American

Society of Hematology, used with permission.)

Table 30-6. Definition of Risk Groups According to Diagnostic Karyotype, Based on the Classification System Adopted by the UK Medical
Research Council Group

Cytogenetic Risk Group Karyotype Comments

Favorable t(8;21) Whether alone or in conjunction with other abnormalities (including
t(15;17) complex karyotype)
inv(16)/t(16;16)

Intermediate Normal Cases lacking favorable or adverse cytogenetic features
Other abnormalities (not classified as 

favorable or adverse)

Adverse inv(3)(q21q26)/t(3;3)(q21;q26) Whether alone or in conjunction with intermediate-risk or other 
abn(3q) adverse-risk abnormalities
−5/del(5q)
−7
t(9;22)
Complex (≥5 unrelated abnormalities)
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response to targeted therapies, i.e., ATRA and arsenic tri-
oxide. This is supported by outcome data from the UK MRC
ATRA trial, which showed that patients in whom PML-
RARA was identified solely by molecular means had a com-
parable outcome to those with t(15;17) documented by
karyotype.19 This would suggest that cases of AML with
cryptic rearrangement of CBF genes (i.e., with AML1-ETO
or CBFB-MYH11) also are likely to be biologically equiva-
lent to and share the favorable prognosis of those with
karyotype-documented t(8;21) or inv(16)/t(16;16).

This supports the adoption of more widespread molec-
ular screening for CBF leukemias in AML, which is most
efficiently undertaken by RT-PCR. Evidence to date sug-
gests that at least 10% of cases of AML with CBF leukemia
have a cryptic rearrangement and that such cases cannot
be reliably identified on the basis of distinct morphologi-
cal features (reviewed in Reference 17). Where evidence of
CBF leukemia is revealed by RT-PCR screening in the
absence of the typical cytogenetic lesion, the result should
be independently confirmed using FISH to document
fusion gene formation, for example, as a result of an inser-
tion event (see Figure 30-5). FISH comfirmation serves to
exclude the possibility that the result was spurious due to
PCR contamination or was unlikely to be of clinical rele-
vance, should the fusion gene have arisen in a minor clone.

The relative value of molecular screening is dependent
on the age group of patients to be screened, with CBF
leukemias representing a greater proportion of AML
arising in children and younger adults than in the elderly,
where they comprise less than 5% of cases. The relative

benefit of molecular screening also will vary according to
the success of cytogenetic assessment, being most reward-
ing where cytogenetics has a relatively high failure rate or
when there are no facilities for central review of kary-
otypes. Molecular screening for CBF leukemias appears to
be worthwhile because it enables the identification of addi-
tional patients who can be subject to MRD assessment
using a fusion gene marker, as well as identifying individ-
uals who can potentially be spared BMT in first CR. While
cryptic CBFB-MYH11 and AML1-ETO gene fusions have
been observed in a wide range of FAB types, the PML-
RARA fusion is very closely correlated with M3/M3v mor-
phology. Therefore, routine molecular screening for the
PML-RARA fusion among all newly diagnosed cases of
AML is not considered worthwhile but should be restricted
to infrequent cases with severe coagulopathy, an APL-like
immunophenotype, or cases with cells suggestive of APL
morphology even if occurring in a minor cell population.

Detection of Mutations Implicated in
Leukemogenesis and/or Predictive of Outcome

A further limitation of the use of karyotype to determine
treatment approach in AML relates to the relatively large
proportion of patients classified as intermediate risk. This
group has been shown to be heterogeneous at the molecu-
lar level and includes cohorts of patients with markedly
differing prognoses. A key challenge is to more precisely
define the prognosis of rarer recurring cytogenetic abnor-
malities that are currently assigned to this group. There is
interest in additional molecular assays that can distinguish
patients with differing prognoses within cytogenetic risk
groups, which could prove to be of value in improving risk
stratification in AML. For patients with favorable risk cyto-
genetics, the most effective way of discriminating those at
differing risk of relapse is through MRD assessment involv-
ing detection of leukemia-associated fusion genes (see
Rationale for MRD Monitoring below).

Among patients with an intermediate risk karyotype, a
number of molecular markers are helpful. Most notable is
the prognostic impact of FLT3 ITD (see Figure 30-6), the
presence of which is associated with a substantial increase
in relapse risk.5 However, it is not clear that the poorer
outcome in this group can be averted by treatment
modification in the form of BMT in first CR.20 Overexpres-
sion of EVI1, as determined by real-time quantitative RT-
PCR (RQ-PCR), even in the absence of 3q abnormalities,
has been found to predict a poor outcome.21 FLT3 activa-
tion loop and RAS mutations appear to lack any inde-
pendent prognostic significance,5,22 whereas presence of
NPM1 or CEBPA mutation in the absence of FLT3 ITD
identifies further groups of patients with relatively favor-
able prognosis, who may not benefit from BMT in first
CR.8,13,14,23

There also has been considerable interest in determin-
ing whether silencing of gene loci, for example, P15

Figure 30-5. Characterization by FISH of AML with fusion gene formation due to cryptic
rearrangements. Cryptic (8;21) rearrangement in an AML M2 case demonstrated by FISH
with AML1 (green) and ETO (red) probe set (Vysis, Downers Grove, IL). Fusion signals are
seen on the derivative 21, and ETO signals are diminished on the derivative 8. (Figure pre-

pared by Marina Lafage-Pochitaloff, Institut Paoli Calmettes, Marseille. Reprinted from Grimwade D.

The clinical significance of cytogenetic abnormalities in acute myeloid leukaemia. Baillieres Best Pract

Res Clin Haematol. 2001;14:510; copyright 2001, with permission from Elsevier.)
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(INK4B), by methylation contributes to the pathogenesis 
of AML and may be of prognostic value. These analyses
have typically been based on methylation-specific PCR.
However, such assays can be difficult to interpret, since
results may be confounded by the presence of residual
normal cell populations in which the gene in question also
happens to be “switched off,” a process that is associated
with methylation of the regulatory elements.

The next few years are likely to see an expansion in the
repertoire of molecular tests applied to diagnostic material
from patients with AML as a means of determining suit-
ability for novel targeted therapeutic approaches. One of
the first examples was provided by molecular screening 
for activating mutations of the FLT3 gene (see Other Muta-
tions Implicated in the Pathogenesis of AML section above)
to accompany the first wave of clinical trials evaluating tar-
geted inhibitors of FLT3.

Rationale for Minimal Residual 
Disease Monitoring

Relapse remains a major cause of treatment failure for
patients with AML. Since the group of patients that is des-
tined to relapse cannot be reliably identified on the basis
of pretreatment characteristics alone, there has been con-
siderable interest in the development of assays to detect
MRD as a means of more precisely tailoring therapy
according to individual patient requirements (reviewed in
Reference 24). MRD assessment might prove to be of value
in a number of clinical scenarios. Reliable assessment of
kinetics of response relatively early in the treatment course
could help in identifying patients at differing risk of
relapse. Patients at low risk could be spared excessive
therapy with its inherent additional risks of treatment-
related morbidity and mortality, including that relating to
subsequent development of secondary MDS or AML. Con-
versely, the outcome of patients at high risk of relapse could
potentially be improved with the administration of addi-
tional consolidation therapy, possibly in the form of BMT
or more novel approaches. MRD assessment also may be of
potential value in the management of patients undergoing
transplant procedures, as a means of determining the most

suitable type of transplant, as well as identifying the need
for additional therapy in the posttransplant setting.

A number of methods have been evaluated for detection
of MRD, including cytogenetics, FISH, immunophenotyp-
ing, and PCR-based approaches. Cytogenetics is too insen-
sitive to provide a realistic option, although it may be of
interest as a complement to morphological assessment to
determine remission status following induction therapy.25

Although FISH is applicable to at least 60% of AML cases,
the number of nuclei or metaphases available for scoring
limits its sensitivity, and interphase FISH is limited by 
the capacity to distinguish low levels of disease from 
background. Even with hypermetaphase FISH, which is
extremely labor-intensive, sensitivities achieved are 
inferior to immunophenotype or PCR-based methods and
hence attention has been focused on these approaches.

The use of flow cytometry to detect MRD depends 
on the identification of aberrant phenotypes among the
leukemic blast cell population, and this approach is appli-
cable to the majority of AML cases.18,26 This technique is
relatively sensitive (1 in 103 to 105), although concern has
been raised regarding the frequent observation of “pheno-
typic switching” between diagnostic and relapse samples,
which could lead to false-negative results. The occurrence
of this phenomenon suggests that this approach to MRD
assessment is likely to be most informative relatively early
during the disease course, rather than during longitudinal
testing after consolidation therapy has been completed. A
number of studies have shown that kinetics of disease
response as determined by flow cytometry has the poten-
tial to identify patients with differing risk of relapse,18,26

although this approach has yet to be evaluated as the basis
for risk-adapted therapy in large-scale AML clinical trials.

The majority of studies evaluating detection of MRD in
AML have been based on RT-PCR (reviewed in Reference
24). This approach has been most extensively validated in
the context of APL, providing an independent prognostic
factor, which is now being used to direct treatment in indi-
vidual patients. Previous studies have shown that patients
in whom PML-RARA fusion transcripts are still detectable
at the end of consolidation or reappear at a later stage are
destined to relapse unless additional therapy is given.24

Moreover, preliminary evidence from the Italian GIMEMA
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Figure 30-6. Prognostic impact of FLT3 ITDs. Presence of a FLT3 ITD
is an independent predictor of increased relapse risk within UK MRC
risk groups, as defined by diagnostic karyotype and bone marrow
blast count following induction chemotherapy. Analysis was per-
formed on 610 cases derived from MRC AML 10 and 12 trials for chil-
dren and younger adults. (Reprinted from Kottaridis PD, Gale RE, Frew ME,

et al. The presence of a FLT3 internal tandem duplication in patients with acute

myeloid leukemia (AML) adds important prognostic information to cytoge-

netic risk group and response to the first cycle of chemotherapy: analysis of

854 patients from the United Kingdom Medical Research Council AML 10 and

12 trials. Blood. 2001;98:1752–1759. Copyright American Society of Hematol-

ogy, used with permission.)



30. Acute Myeloid Leukemia 331

group suggests that administration of preemptive therapy
at the point of molecular relapse confers an overall survival
advantage in comparison to that of patients treated in
frank hematologic relapse.27 MRD monitoring also has
been shown to be of value in determining treatment strat-
egy in patients with high-risk APL, as defined by persist-
ent PCR positivity or those beyond first CR. Evidence to
date suggests that patients with evidence of MRD, in whom
harvested stem cells or bone marrow are also PCR positive,
are unlikely to benefit from autologous transplant proce-
dures, due to the high rate of relapse. Nevertheless, if a suit-
able donor is available, such patients can potentially be
cured by allogeneic BMT. MRD assessment is also of value
in the posttransplant setting to direct the need for addi-
tional therapy. The value of MRD assessment as deter-
mined by nested RT-PCR in other forms of AML is less
clearly established; however, it seems likely that its role will
be more precisely defined following more extensive evalu-
ation of RQ-PCR approaches (see Real-time Quantitative
RT-PCR section below).

Available Assays

RT-PCR

Leukemia-associated fusion transcripts are most conve-
niently detected by RT-PCR, involving initial conversion of
RNA to complementary DNA (cDNA), followed by PCR.
For molecular screening, a single round of PCR may
suffice; however, to optimize specificity and sensitivity, two
rounds of PCR using external and internal primer sets may
be used (nested RT-PCR). Some laboratories avoid use of
nested RT-PCR methods due to concern about increased
risk of PCR contamination. Standardized methods for
detection of AML-associated fusion genes by RT-PCR,
most notably PML-RARA, AML1-ETO, CBFB-MYH11, and
BCR-ABL, have been developed by the European BIOMED1
group.28 The majority of studies using nested RT-PCR for
MRD monitoring purposes have focused on patients with
fusion genes associated with the favorable-risk cytogenetic
abnormalities. Maximal sensitivities for nested RT-PCR lie
between 1 in 104 and 1 in 106. Evaluation of primary diag-
nostic material by RQ-PCR has revealed that, as might be
expected, the key determinant of the sensitivity of each
respective assay is the level of the fusion gene expression
in leukemic blasts in relation to that of endogenous control
genes.29 Indeed, RQ-PCR has revealed that PML-RARA
is typically expressed at a lower level than AML1-ETO,
thereby accounting for the difference in sensitivity ob-
served with the respective qualitative RT-PCR assays (1 in
104 vs 1 in 105).

As discussed above, detection of MRD using conven-
tional nested RT-PCR provides an independent prognostic
factor among patients with a defined molecular lesion, in
the form of PML-RARA in APL, who could not otherwise
have been distinguished on the basis of pretreatment 

characteristics. Therefore, MRD monitoring is now firmly
established as a means of shaping risk-adapted therapy in
this subset of AML. A limitation to this approach relates to
false-negative results, whereby relapses occur after nega-
tive RT-PCR tests. This could reflect relative insensitivity of
the assay and insufficient frequency of MRD assessment
with respect to the kinetics of relapse, but in some
instances could be due to poor quality of RNA or relative
inefficiency of the RT step.

For the CBF leukemias, the role of RT-PCR for molecu-
lar monitoring purposes has been more uncertain
(reviewed in Reference 24). This reflects the detection of
AML1-ETO and CBFB-MYH11 transcripts in some patients
in long-term remission using conventional nested RT-PCR,
which is likely to be related to the greater sensitivity of
these assays (as compared to those for detection of PML-
RARA). Furthermore, patients with CBFB-MYH11-
associated disease are often slow to clear disease-related
transcripts, with PCR positivity detected as long as 24
months following achievement of CR, therefore making it
difficult to reliably distinguish patients likely to be cured
from those destined to relapse. These potential shortcom-
ings of nested RT-PCR have led to considerable interest in
quantitative RT-PCR approaches. Indeed, studies using
competitor-based assays have shown that patients with
t(8;21)-associated leukemia can be distinguished in terms
of prognosis on the basis of transcript levels detected in
remission, with patients testing negative or with low tran-
script levels maintaining CR, while those with high or
rising transcript numbers progressing to relapse. These
competitor-based assays are highly labor-intensive and
therefore not readily applicable to evaluation of large
numbers of patients in clinical trials. However, over the last
few years a variety of semiautomated quantitative PCR
approaches have been developed that provide rapid, sensi-
tive, and reproducible methods, combined with a capacity
for high throughput. These attributes afford considerable
advantages over conventional endpoint nested RT-PCR
assays for MRD detection in the context of large-scale clin-
ical trials as well as in individual institutions.

Real-Time Quantitative RT-PCR

For the detection of leukemia-associated transcripts by
RQ-PCR, RNA is initially converted to cDNA using RT pro-
tocols identical to those involved in conventional RT-PCR
(reviewed in Reference 30). However, in contrast to the
latter technique, in which two rounds of PCR amplification
are routinely performed, RQ-PCR approaches involve only
a single round of PCR. The basis of this technology is the
measurement of the number of amplicons generated with
each PCR cycle in the exponential phase of the reaction,
detected as a proportionate rise in fluorescence intensity.
PCR products may be detected through use of the fluores-
cent dye SYBR Green I, which binds to the minor groove of
double-stranded DNA, or through specific “hybridization”
or “hydrolysis” probes. SYBR Green I is not favored for
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MRD detection, given its lack of sensitivity or specificity in
comparison to the use of specific probes, which are
significantly more expensive.

A key advantage of RQ-PCR approaches is the capacity
to measure transcript levels of the fusion gene of interest,
relative to the expression of endogenous control tran-
scripts. This enables precise evaluation of kinetics of
molecular response to treatment, documentation of rising
leukemia-associated transcripts prior to frank relapse, and
identification of poor-quality samples or problems with the
RT step, which could give rise to false-negative results had
conventional endpoint assays been used. Changes in
leukemic target transcript level normalized to that of the
endogenous control gene may be calculated on the basis of
differences in Ct (cycle threshold) values (so-called ∆∆CT
method), providing the efficiencies of the PCR reactions
are comparable. Alternatively, normalized MRD data may
be reported in terms of absolute copy numbers derived
from respective plasmid standard curves run in parallel
(reviewed in References 29 and 30).

For reliable performance of RQ-PCR, testing of diag-
nostic material is critical to define breakpoint location,
particularly for rearrangements in which variable break-
points occur at the genomic level (e.g., bcr 1, 2, and 3 for
PML-RARA and types A, D, and E, which account for the
majority of cases with the CBFB-MYH11 fusion), since RQ-

PCR assays are transcript specific. Furthermore, availabil-
ity of diagnostic material is important so that normalized
fusion gene expression levels can be related to the pre-
treatment level. Extensive collaborative studies have been
undertaken by the Europe Against Cancer (EAC) Group to
optimize and standardize the methods for detection of
leukemia-associated fusion transcripts and to define suit-
able endogenous control transcripts.29

Mutation Screening

There are a variety of methods available for detection of
mutations, for example, involving genes encoding tyrosine
kinases (e.g., KIT) or transcription factors (e.g., CEPBA).
For small genes, PCR and direct sequencing may provide
the most suitable approach. However, for larger genes,
or in situations where large numbers of samples are to 
be tested, initial screening may be conveniently under-
taken by methods such as single-strand conformation 
polymorphism (SSCP) analysis, chemical cleavage of mis-
match, or denaturing high-performance liquid chromatog-
raphy (DHPLC), with sequencing restricted solely to cases
with a suspected mutation. Length mutations such as FLT3
ITDs are readily detected by PCR using genomic or com-
plementary DNA as a template (see Figure 30-7). For muta-
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Figure 30-7. Detection of FLT3 mutations in AML. ITDs affect the juxtamembrane
region of the FLT3 receptor, while point mutations (e.g., D835/I836) involve the kinase
loop. Both classes of mutation (MUT) lead to constitutive activation of the receptor, acti-
vating a number of potential downstream targets. Presence of FLT3 ITD is revealed by
the amplification of a larger-sized band than that associated with wild-type (WT) recep-
tor following PCR of genomic or complementary DNA (see lanes 4–8, upper right panel).
In some cases, more than one aberrant band may be observed (e.g., lane 5); this may be

due to biallelic FLT3 mutations in the leukemic clone, with the WT band being due to
residual normal marrow elements. However, in some instances it may be due to leukemic
subclones harboring different FLT3 mutations. Tyrosine kinase domain (TKD) mutations
may be detected by PCR and restriction enzyme RE digest, with presence of a mutation
leading to loss of the EcoR V restriction site. DDW, water control. (Figure kindly prepared by

Rosemary Gale, University College London.)
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tions that target a particular region of the gene, a specific
assay may be used involving PCR combined with a restric-
tion enzyme digest, for example, to detect FLT3 activation
loop mutations (e.g., D835), or PCR using allele-specific
primers, for example, for detection of JAK2 mutation in
myeloproliferative disorders (see chapter 35). Rapid
screening for presence of an underlying NPM1 mutation
may be undertaken by immunohistochemistry using mon-
oclonal antibodies against NPM that are in routine use for
diagnosis of NPM-ALK-associated lymphoma, with pres-
ence of mutation being indicated by delocalization of NPM
to the cytoplasm.12

Laboratory Issues

Transit of Samples to the Laboratory

A key issue in the provision of reliable laboratory results
relates to sample collection procedures and transit time to
the laboratory. Heparin can potentially interfere with PCR,
and blood or bone marrow samples are more appropriately
collected in EDTA. For assays that involve PCR
amplification of genomic DNA, for example, detection of
FLT3 ITD/D835, relatively prolonged transit times (i.e., 3 to
7 days) are unlikely to be particularly problematic.
However, for RNA-based assays, quantitative RT-PCR has
revealed degradation equivalent to approximately 0.5 log
per 24 hours. Appropriate quantitation of fusion tran-
scripts is feasible if endogenous control transcripts with a
comparable degradation rate are amplified in parallel.
However, it is important to bear in mind that the control
transcript will not correct for the loss in sensitivity result-
ing from prolonged transit time. Hence there is interest in
the development of RNA-stabilizing agents that reduce
RNA degradation during specimen transit; these have been
most extensively evaluated in MRD monitoring in chronic
myeloid leukemia.

RT-PCR Screening

An important problem with RT-PCR is the potential for
false-positive results due to PCR contamination. To avoid
this, stringent controls must be performed and ideally RNA
extraction should be performed in a laboratory remote
from that in which PCR is performed. Moreover, prepara-
tion of RT and PCR master mixes must be physically sep-
arated from areas in which PCR products are handled. Less
well appreciated is the potential for molecular screening
using RT-PCR to yield false-negative results in the presence
of rare or atypical breakpoints. For example, molecular
screening strategies for CBFB-MYH11 typically involve
detection of type A, D, and E breakpoints, which together
account for approximately 90% of cases; hence, it is possi-
ble that in rare instances, cases with alternative breakpoints
that lack inv(16)/t(16;16) could be missed. Similarly, infre-
quent cases of PML-RARA-associated APL with atypical
breakpoints are not detected by some standard RT-PCR

primer sets; however, such cases are unlikely to be missed,
given the typical morphological features, and will give a
positive result (microparticulate pattern) in the PML
immunofluorescence test. False-negative results are also a
potential problem in the presence of poor-quality RNA or
inefficiency of the RT step.

Targets for MRD Detection in Cases Lacking
Fusion Genes

A number of potential targets have been proposed for PCR-
based approaches to MRD detection for cases of AML
lacking a suitable fusion gene marker. These include detec-
tion of mutant forms of NPM1, which occur in over half of
normal karyotype AML. Preliminary evidence using RQ-
PCR assays indicates, that NPM1 mutation is likely to
provide a sensitive, specific and stable target for MRD
detection.31,32 This contrasts with FLT3 mutations which are
not always stable over the time course of the disease,
raising concern over the value of these as reliable targets
for MRD detection.33 Nevertheless, these findings provide
further evidence for the hypothesis that FLT3 mutations
are secondary events in the pathogenesis of AML. There is
considerable interest in whether RNA-based assays that
involve detection of transcripts that are overexpressed in
leukemia, for example, WT1, could be of value as MRD
markers in patients lacking a fusion gene target. However,
to establish the role of such markers it is critical to deter-
mine the level of expression at diagnosis relative to
endogenous control transcripts, for example, ABL, on an
individual patient basis. Other key factors that must be
taken into account are the range of expression levels doc-
umented in normal peripheral blood and bone marrow, as
well as levels of expression in the context of regeneration
following myelosuppressive therapy. Such information is
vital to establish the sensitivity of the assay in any given
patient and the likely clinical utility of any novel marker
for MRD assessment.

Quality Assurance and Reporting of
RQ-PCR Data

An important issue with regard to the provision of reliable
results suitable for making treatment decisions is the
adherence to rigorous internal quality control (QC) and
participation in external quality assurance (EQA) pro-
grams. Such programs have been long established for 
morphological assessment, immunophenotyping, and
cytogenetic analysis. However, they remain in their infancy
for molecular detection of fusion genes. Since test methods
are based on RT-PCR, it is important that QC schemes eval-
uate all steps of the procedure, particularly as the RT step
is a considerable source of variability. For acute leukemias,
distribution of primary patient material is unrealistic,
whereas distribution of cell lines for QC purposes suffers
from the problem that the heterogeneity encountered in
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breakpoint patterns for patients with PML-RARA and
CBFB-MYH11 gene fusions, for example, is not represented
among the available cell lines. Nevertheless, a number of
European initiatives including the BIOMED-1, Europe
Against Cancer (EAC) and European LeukemiaNet pro-
grams have been launched over the last few years to
improve standardization of methods for the detection of
leukemia-associated fusion transcripts by conventional
and real-time RT-PCR.28,29 Such initiatives are important to
ensure reliability of diagnostic molecular screening and
are absolutely fundamental if MRD data are to be used to
predict outcome and modify treatment approach.

The EAC QC exercises have highlighted variations in
performance between laboratories that are ostensibly car-
rying out RQ-PCR assays according to a standardized pro-
tocol. This reinforces the importance of developing and
adhering to standard operating procedures for perform-
ance of RQ-PCR tests and generating clear guidelines for
reporting of RQ-PCR results. In particular, each assay
should be performed in triplicate, so that the degree of
reproducibility of individual results may be readily appre-
ciated and hence “outlying results” disgarded. The EAC
program revealed that in some instances, fusion gene
assays yield an amplification signal in one of the triplicate
wells of negative control samples. Since in many instances
the participating laboratories had not previously amplified
the transcript in question, it is likely that such results
reflect nonspecific amplification or cDNA carryover
between adjacent wells. This is an intrinsic shortcoming of
platforms using the 96-well plate format and has led us to
report MRD analyses in which amplification is restricted to
one of three wells as PCR negative (but recommending
earlier repeat testing, should the result reflect possible
residual disease at the limits of assay detection). To report
assays as positive, we require specific amplification in at
least two of three wells, with Ct values ≤40 (i.e., equivalent
to at least one plasmid copy).29 Since PCR amplification of
primary patient samples is less efficient than plasmid con-
trols, reproducible amplification at Ct values between 40
and 45 can occasionally be observed in follow-up patient
samples, which most likely indicates low-level MRD; such
results are of uncertain clinical significance and again
would be seen as an indication for earlier repeat MRD
assessment.

Future Directions

Research developments in terms of our understanding of
the biology of AML and the clinical evaluation of novel tar-
geted therapeutic approaches are clearly going to have an
impact on the range of assays that will need to be devel-
oped and offered by molecular pathology laboratories in
the future. There is considerable interest in determining
whether gene expression profiling using microarrays34–36

will yield further insights into the etiology of AML and lead
to further refinement of the classification of the disease,

enabling development of more rational treatment appro-
aches. Large-scale gene expression profiling efforts may
yield information that reliably distinguishes subgroups of
patients with distinct prognoses and potentially identifies
those who are likely to be highly sensitive or resistant to
particular therapeutic agents. If these expectations are
realized it could have major implications for hematology
laboratories, leading to investigation of expression profiles
of a more limited number of genes using Gene Chips
and/or RQ-PCR as a key component of the diagnostic
workup. Further information regarding individual varia-
tion in disease response according to polymorphisms in
genes encoding components of drug-metabolizing path-
ways could see more widespread introduction of single
nucleotide polymorphism (SNP) assays. Such approaches,
in conjunction with flow cytometry, could be used to define
resistance phenotypes, leading to the use of resistance
modulators in suitable patients. Development of appropri-
ate laboratory assays also is essential to determine whether
novel therapeutic approaches designed, for example, to
modulate drug resistance pathways or mediate gene reac-
tivation through targeting histone deacetylases (HDACs)
or DNA methyltransferases are indeed having their desired
effect on the relevant pathways in vivo.

In addition to the expansion of the repertoire of assays
used to evaluate newly diagnosed patients with AML, the
next few years are likely to see more widespread use of
MRD assessment to determine treatment approaches for
patients with the disease. For patients with fusion gene
transcripts, RQ-PCR is clearly the best approach, and
international efforts are under way to establish optimal
time points for MRD sampling and thresholds of fusion
gene expression that are predictive of long-term outcome.
A key challenge is to determine the most appropriate way
to monitor patients who lack a suitable fusion gene marker,
whether by RQ-PCR detection of genes that are typically
overexpressed in AML or by use of flow cytometry. It is
clear that the pathology laboratory is set to play an ever-
increasingly important role in optimizing and individual-
izing the management of patients with AML.
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The V, (D), and J segments of B and T precursor cells are
rearranged during their differentiation, and each lym-
phocyte, in this way, contains a specific combination of
V-(D-) and J segments.10,14 Additional variability can be
generated in the junctions V-D and D-J through the loss 
of nucleotides, as well as insertion of new nucleotides.
Insertion of nucleotides (insertion of N regions) in the 
junctional sites is mediated by the enzyme terminal
deoxynucleotidyl transferase (TdT), which is present in the
nucleus of immature B and T cells. N-region insertion
occurs in rearranged immunoglobulin heavy chain (IGH)
genes, but is limited or absent in the immunoglobulin
kappa and lambda light chain genes (IGLK and IGLL).
Junctional diversity also occurs in TCR genes, primarily the
T-cell receptor delta and gamma genes (TCRD and TCRG).
The potential diversity introduced by the addition of N
regions is very high and can increase the total combinato-
rial diversity to more than 1010 for the IGH molecules, 1012

for TCRAB, and more than 109 for TCRDG.10,12

During B-cell differentiation, the IGH genes rearrange
before the IGL genes, and of the IGL genes, IGLK is the first
to rearrange; if the IGLK rearrangement is not functional,
the IGLL gene will rearrange. Another type of rearrange-
ment of the IGH gene that can occur is the process of class
switching, from IgM and IgD to IgG, IgA, or IgE.10,12

During the differentiation of T cells, the TCRD gene is
the first to rearrange, followed immediately by rearrange-
ment of the TCRG gene and in many cells also the
rearrangement of the TCRB gene. The TCRD gene can be
deleted when TCRA rearrangement occurs.10,12,15 Since ALL
is derived from a single transformed lymphoid precursor
cell, all ALL cells of a patient in principle have the same IG
and TCR gene rearrangements with identical junctional
region sequences that can be regarded as leukemia-specific
fingerprints. Such targets can be identified at initial diag-
nosis in more than 95% of patients with ALL by using
various polymerase chain reaction (PCR) primer sets.16–20

Studies of rearrangements of the IG genes in B-lineage
ALL by Southern blot and PCR have shown that, despite an
immature phenotype, more than 95% of B-precursor ALL
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Acute lymphoblastic leukemia (ALL) is a heterogeneous
group of disorders that originates from B- and T-cell pro-
genitors.1,2 Different B- and T-cell ALL can be recognized
according to immunologic and molecular criteria.3–5 The
identification of the molecular events underlying the
process of leukemia transformation has provided not only
important biological information,5–7 but also clinically rele-
vant genetic markers for the identification of prognostically
relevant ALL subgroups and for the molecular monitoring
of minimal residual disease (MRD). For ALL, immunoglob-
ulin (IG) and T-cell receptor (TCR) gene rearrangement
studies are used as markers of clonality and for MRD detec-
tion, and the identification of different genetic variations is
used to define different ALL subgroups.

Molecular Basis of Disease

IG and TCR Gene Rearrangements in ALL

The immune system can specifically recognize and distin-
guish an enormous variety of specific antigens and anti-
genic epitopes (at least 1010). Each lymphocyte has a unique
membrane receptor, the immunoglobulin receptor (IG) on
B lymphocytes, and the T-cell receptor (TCR) on T lym-
phocytes, that recognizes specific antigens.

Rearrangements of gene segments that encode the vari-
able regions of the IG and TCR genes are responsible for
the enormous diversity of antigen-specific lymphocyte
receptors.8–12 This great variability of IG and TCR is medi-
ated by several mechanisms: (1) the number of variable or
V, diversity or D, and joining or J segments (germline
genome diversity); (2) the number of possible V(-D)-J
combinations (combinatory diversity); (3) deletions of
nucleotides at the ends of rearranging V, (D), and J gene
segments, as well as random insertion of noncoded
nucleotides (N-region nucleotides) between V-D and D-J
segments (junctional diversity); and (4) somatic mutations
in the V gene segments of the IG genes. This last process
has not been observed for TCR genes.10,12,13
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contain IGH rearrangements, approximately 60% have
IGLK rearrangements or deletions, and approximately 20%
have IGLL rearrangements.12,16,17,19 Cross-lineage rearrange-
ments of the TCR gene also have been observed in ap-
proximately 90% of B-lineage ALL pediatric patients.20

Rearrangements of TCRA, TCRB, TCRD, and TCRG are
found in 46% to 61%, 29% to 35%, 54% to 80%, and 49% 
to 70% of B-lineage ALL, respectively.21–26 In B-precursor
ALL, approximately 80% of all TCRD rearrangements are
due to incomplete gene rearrangements Vd2–Dd3 and
Dd2–Dd3.12,15,22 These Vd2–Dd3 rearrangements also are
prone to continuing rearrangements, particularly with Ja
gene segments. Vd2-Ja rearrangements are detected in
approximately 40% of childhood B-precursor ALL and are
rare or absent in normal lymphoid cells.27

In T-lineage ALL, TCRA, TCRB, TCRD, and TCRG gene
rearrangements have been described in 17% to 67%, 85%
to 89%, 68% to 90%, and 90% to 100% of cases, respec-
tively.12,19,23,24 Cross-lineage IG gene rearrangements are not
very common in T-lineage ALL, occurring in less than 20%
of cases, and involving only IGH rearrangements.12,19,23,24

The explanation for these cross-lineage rearrangements
of the IG and TCR genes in non-B and non-T cells, respec-
tively, is probably due to the fact that the leukemic cells orig-
inate from a less-committed lymphoid precursor or even a
more-primitive pluripotential cell (lymphoid/myeloid),
where both IG and TCR genes are accessible to a common
recombinase enzyme. Such rearrangements occur before
the final determination of lineage; as soon as this determi-
nation for the B, T, or myeloid lineage occurs, the cell adopts
the lineage-specific phenotype with expression or differen-
tiation of the lineage-specific antigen, while the gene of
cross lineage persists as an “artifact.” Due to this, rear-
rangements in the TCR gene are relatively common in B-
precursor cell ALL; however, they are very rare in B-ALL
and mature B-cell neoplasia (B-cell chronic lymphocytic
leukemia [B-CLL], multiple myeloma, and B-cell non-

Hodgkin’s lymphoma [B-NHL]).19,20 Similarly, rearrange-
ments of IG genes are rare in mature T-cell neoplasms (T-
cell chronic lymphocytic Leukemia [T-CLL] and T-cell
non-Hodgkin’s lymphoma [T-NHL]).19,20

Chromosomal Translocations Occurring in ALL

In recent years the genes involved in the most frequent
leukemia chromosomal translocations have been
identified, providing important insights into disease patho-
genesis and normal cellular physiology.7,8 Molecular assays
for leukemia cells have been developed24,28,29 and now
permit more accurate diagnosis of leukemia subtypes with
frequently recurring translocations. Somatically acquired
chromosomal translocations or inversions have been
found in up to 65% of the acute leukemias. Chromosomal
translocations have two main consequences: activation of
a protooncogene brought under the regulation of the pro-
moter and enhancer elements of another gene that nor-
mally is active in the leukemia progenitor cell, and creation
of a fusion gene from two distinct genes with expression
of a chimeric protein (Figure 31-1). The products of the
latter aberrant genes are most often transcription factors
or tyrosine kinases.30 The most common translocations
occurring in ALL are shown in Table 31-1.

Abnormalities of the q23 region of chromosome 11 are
seen with relative frequency in childhood ALL (5%),
infant acute leukemia (70%), and secondary leukemias in
patients who received topoisomerase II inhibitors (85%).
Leukemias with translocations involving 11q23 have an
early pre-B phenotype and express myeloid antigens. In the
majority of cases, the translocation partner is chromosome
4, and less frequently chromosome 1, 10, or 19. At the
molecular level, the t(4;11) fuses MLL on chromosome 11
band q23 to AF4 on chromosome 4 band q21, resulting 
in an MLL/AF4 chimeric gene. This translocation is 

a

b

Dysregulation by juxtaposition

A           Reg. element B           Oncogene

Gene fusion

Novel hybrid product A/B with altered function

A B
Figure 31-1. Schematic representation of the two types of gene alter-
ations generated by chromosomal translocations. (a) A protooncogene is
activated by the promoter and enhancer elements of a distinct transloca-
tion gene partner. (b) Discrete segments of two different genes are joined
as a result of a translocation, creating a fusion gene encoding a chimeric
protein.
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related to aggressive clinical features such as hyperleuko-
cytosis, organomegaly, frequent central nervous system
involvement, and poor outcome.31,32

The t(1;19)(q23;p13) translocation is one of the most fre-
quently observed translocations in childhood ALL, occur-
ring in approximately 25% of the pre-B cytoplasmic (Cy)
immunoglobulin (IG)-positive cases and in 1% of the early
pre-B Cy IG-negative cases. This translocation most fre-
quently creates a fusion of E2A, a helix-loop-helix (HLH)
protein-coding gene on chromosome 19, with PBX1, a
homeobox-containing gene from chromosome 1.33 A few
molecular variants of the t(1;19), leading to different
species of E2A/PBX1 mRNAs, have been described.34

Although this translocation has been associated with a
poor clinical outcome, the current chemotherapy protocols
have nullified its adverse prognostic impact.

The t(9;22) translocation is identified in about 3% to 5%
of children with ALL and about 25% of adults with ALL.35

This translocation creates a novel chromosome (the
Philadelphia chromosome, Ph+) and creates a fusion gene
between the protooncogene ABL on chromosome 9 and the
“breakpoint cluster region” gene (BCR) on chromosome
22. While the ABL breakpoint on chromosome 9 occurs in
the same region (between exons a1 and a2), the BCR break-
points on chromosome 22 can occur in two different 
positions. The “minor” breakpoint cluster region (m-bcr),
between exons e1 and e2, is present in about 90% of child-
hood Ph+ ALL; by contrast, a “major” breakpoint cluster
region (M-bcr), between exons b2 and b3 or b3 and b4, is
a usual finding in chronic myelogenous leukemia (CML)36

and occasionally in Ph+ ALL. The m-bcr generates a fusion
protein of 190 kDa (p190), whereas the M-bcr results in a
fusion protein of 210 kDa (p210).35–37

The presence of t(9;22) is associated with a high risk of
treatment failure in children and adults with ALL. However,
recent retrospective studies showed that Ph+ childhood
ALL is a heterogeneous disease with regard to treatment
response. High leukocyte count, old age, and poor response
to the prephase treatment with prednisone and intrathecal
methotrexate influence treatment outcome. Patients with a
good prednisone response (PGR) have a significantly lower
risk of treatment failure compared to those with a poor
prednisone response (PPR), when treated with intensive

Berlin-Frankfurt-Münster (BFM) chemotherapy, whether
associated with bone marrow transplantation (BMT) or
not. These PPR children have a clinical response and prog-
nosis as poor as those of Ph+ ALL adults.35,38

The chromosomal translocation t(12;21)(p13;q22)
results in the ETV6(TEL)/AML1 fusion gene. This is a
cryptic translocation, which cannot be detected by cytoge-
netic analysis; thus, fluorescence in situ hybridization
(FISH) or PCR must be used for detection. It is the most
common chromosomal rearrangement in childhood ALL,
occurring in about 25% of cases;39 by contrast, it is rarely
found in adult ALL (1–3%).40 The t(12;21) translocation is
almost exclusively associated with a young age (<10 years)
and a precursor B-cell phenotype.39

Whether t(12;21) is associated with a good prognosis 
or with only a marginally better outcome compared to
other cytogenetic ALL subgroups remains controversial.39

ETV6/AML1 rearrangement has been observed in about
25% of relapsing cases treated within European BFM-based
protocols.41 The duration of remission appears to be longer
(>2 years) in patients carrying this translocation compared
to other childhood ALL cytogenetic groups; however, early
relapses also have been observed.32

The t(8;14)(q24;q32), involving MYC on 8q24 and IGH
on 14q32, occurs in 85% to 90% of cases of surface(s) IG-
positive B-cell ALL. Due to the great variability of the
breakpoint regions, a standard PCR assay at the DNA level
is not sufficient for the detection of this chromosomal
translocation.32 The availability of new and more efficient
DNA polymerases that allow the amplification of genomic
fragments many kilobase pairs long makes it now possible
to identify the t(8;14) by long-distance polymerase chain
reaction (LD-PCR).42 However, although of potential inter-
est for MRD monitoring, no data are available on its clini-
cal application in childhood ALL.

A DNA deletion between SIL and TAL1/SCL at the chro-
mosomal region 1p32 (TAL deletion) occurs in 20% to 25%
of childhood T-ALL.32 This rearrangement can be detected
at the DNA level because the breakpoints are clustered
within a restricted region, within a few hundred base pairs.
Marked heterogeneity occurs at the junctional region, due
to random deletion and insertion of nucleotides mediated
by illegitimate V(D)J recombination.43 The TAL deletion
leads to expression of a SIL-TAL chimeric transcript, result-
ing from the fusion of the 5′ end of SIL to the 3′ end of
TAL1.

Indications for Testing

Many of these genetic alterations have important prognos-
tic implications that can guide the selection of therapy.
Treatment of the acute leukemias has progressed from
uniform strategies devised for large groups of patients to
more-refined protocols tailored to the risk of relapse in 
discrete subgroups.1,2 Although routinely recorded 
features, such as the blast cell immunophenotype and the

Table 31-1. Common Genetic Lesions in ALL

Subgroup Molecular Alteration Leukemia Subtype

B-Cell Precursor ALL

t (12;21)(p13;q22) ETV6/AML1 pro-B
t(1;19)(q23;p13) E2A/PBX1 pre-B
t(9;22)(q34;q11) BCR/ABL (p190 pro-B and pre-B

and p210)
t(4;11)(q21;q23) MLL/AF4 CD10 pro-B cell
t(8;14)(q24;q32) MYC dysregulation B-ALL

T-ALL

1p32 deletion SIL/TAL1 childhood T-ALL
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presenting white blood cell count, provide useful criteria
for risk assessment, molecular genetic changes appear to
offer the most sensitive markers of potential leukemia cell
aggressiveness and hence are the best guides to treatment.
IG and TCR gene rearrangement studies are useful both for
the diagnosis of childhood ALL and for MRD assessment
because these rearrangements occur in the vast majority of
ALL patients.13–17,44–46

Molecular detection of chromosomal abnormalities in
blast cells of leukemia patients, as described above, have
important prognostic implications that can guide staging
and selection of treatment for these patients. In addition,
detection of specific translocations is used to assess MRD
in leukemia patients.47 The term “minimal residual disease”
(MRD) has been used to define the lowest level of disease
detected in patients in complete continuous remission by
conventional methods of analyses.

At clinical presentation, the number of leukemic cells is
approximately 1011 to 1012; if the patient is not treated, the
clone continues to expand, and death occurs with approx-
imately 1013 total leukemic cells. With cytotoxic treatment,
the number of neoplastic cells is diminished and when less
than 5% of leukemia blasts are identified in the bone
marrow by conventional cytology, the disease is considered
in complete remission. Thus, patients considered in com-
plete remission have from zero to 1010 leukemic cells. The
detection of MRD when clinical remission is achieved 
or during the treatment can help direct adjustments to
therapeutic strategies and identify patients with a higher 
risk of relapse.44–46,48,49 In patients undergoing allogeneic
hematopoietic stem cell transplantation (HSCT), detection
of MRD may lead to tapering of immunosuppressive treat-
ment50,51 to prevent clinical relapse. MRD detection is also
used to assess the effectiveness of purging procedures in
the context of autologous HSC rescue.52

Available Assays

PCR Detection of Clonality

Monoclonality in ALL is detected by PCR amplification of
the IG and/or TCR VDJ region using consensus primers
most often to conserved sequences within the framework
region of the V region and the D and J regions (Figure 31-

2). The VDJ region varies in size and sequence across a
population of B or T cells and allows for detection of a
monoclonal leukemic cell population by PCR amplification
of a unique PCR product specific to the leukemic clone. For
a population of nonlymphoid cells, where the IG and TCR
genes are in the germline configuration, amplification will
not occur, due to the great distance between the closest V
and J regions.10,12,17,20

RT-PCR for Leukemia-Specific Translocations

PCR analysis of fusion genes is based on the design of
oligonucleotide primers within exons at the opposite sides
of the breakpoint fusion regions, so that the PCR product
contains the tumor-specific fusion sequence. The precise
breakpoint recombination site at the DNA level is specific
for each patient and difficult to determine. In the majority
of the ALL translocations, the breakpoint regions span
greater than 2 kilobases (kb; limit of amplification by con-
ventional PCR), making DNA PCR difficult. However, since
the breakpoints are mostly intronic, and spliced out at the
mRNA level, the preferred target for detection of translo-
cations is the chimeric messenger RNA (mRNA).43

Reverse transcription-PCR (RT-PCR) requires extrac-
tion of total RNA or mRNA from mononuclear cells,
reverse transcription of RNA into cDNA, and then PCR,
followed by electrophoresis. The sensitivity of the method
is specific for each target and can be assessed by
amplification of serial dilutions of RNA from diagnostic
specimens or cell lines containing the specific translocation
into RNA from healthy individuals that do not have the
translocation. The presence of a very small number of
abnormal cells, in the range of 1 in 105 to 1 in 106, has been
consistently detected using appropriate conditions.53 This
sensitivity is approximately 1000 to 10,000 times more than
Southern blot analysis. A PCR test that is sufficiently sen-
sitive to detect one leukemia cell in 102 to 103 normal cells
is acceptable for diagnostic testing. A higher sensitivity is
required for MRD assessment during follow-up analyses
and should achieve a sensitivity of one leukemia cell in 104

to 105 normal cells.18 More than one primer set may need
to be used to detect all fusion transcripts when the translo-
cation breakpoints can be in different introns of one or
both of the fusion genes, as shown in Figure 31-3.

IgH

VH primer DH JH primer

primer

VH DH JH

Junctional (”N”)
regions

5’ 3’

Figure 31-2. Schematic representation of an IGH VDJ recombination
region and the strategy used to amplify the N regions. Probes for the N
regions can be used as patient-specific probes (shaded boxes with arrows
above = N regions).
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Quantitative MRD Analysis

In the past, most PCR-based MRD tests used semiquanti-
tative methods for the detection of clone-specific translo-
cations or IG or TCR gene rearrangements.44–46 Standard
PCR techniques have the ability to amplify target DNA to
a plateau of amplification, so that after 35 to 40 cycles it 
is not possible to precisely define the initial amount of
target DNA. Semiquantitative methods, such as dot-blot
hybridization using a patient-specific VDJ region probe,
competitive PCR, and limiting dilution PCR, are similarly
based on post-PCR endpoint analysis.54 These techniques
require serial dilutions and the analysis of multiple repli-
cates, both of which introduce variability and cost, and 
are too difficult and too time-consuming to be performed
routinely in the clinical laboratory. Real-time quantitative
PCR technology (RQ-PCR) circumvents these problems
and allows for quantitative assessment of residual disease.
The amount of DNA can be normalized to quantitative
amplification of a control gene.54

MRD Quantification of IG and TCR
Gene Rearrangements

RQ-PCR of IG and TCR gene rearrangements can be used
to quantify MRD levels by using allele-specific oligonu-
cleotide (ASO) probes. Sensitivities of 1 × 10−3 to 1 × 10−5,
comparable to results with the dot-blot method (Figure 
31-4),55–61 are achievable with this strategy. Although initial
assays used an ASO fluorescent probe to the junctional
region, a more-useful approach is to use a fluorescent
probe complementary to the germline IGH and TCR gene
segments, in combination with an ASO primer comple-
mentary to the junctional region.56,57 The ASO primer
approach theoretically results in more-sensitive MRD
detection compared with use of germline primers, be-
cause no competition can occur with the amplification of
similar rearrangements in normal cells. Although specific
amplification can be easily distinguished from incidental

nonspecific amplification, conditions with higher strin-
gency of amplification may need to be used to overcome
nonspecific amplification while maintaining the efficiency
of the method.54

MRD Quantification of 
Leukemic-Specific Translocations

Numerous publications have demonstrated the feasibility
of the RQ-PCR approach to quantify chimeric transcripts
resulting from chromosomal translocations occurring in
ALL.47,61–63 Although the principles of RQ-PCR are the 
same whether DNA or RNA is being analyzed, the RT step
represents a major assay variable for accuracy of
quantification and sensitivity when RNA is used. In fact, it
is necessary to correct variations linked to differences in
the RNA amount taken for the reaction or, more impor-
tantly, in efficiency (or inhibition) during reverse tran-
scription. For this reason, the number of target gene copies
has to be normalized using a ubiquitously and constantly
expressed housekeeping gene as a reference (e.g., ABL,
B2M, and PBGD).62–65 Thus, the number of chimeric tran-
scripts will be expressed according to the number of copies
of the reference gene transcripts.

Interpretation of Test Results

PCR for IG and TCR Gene Rearrangements

Leukemia-specific IG and TCR gene rearrangements
identified at diagnosis can be used for MRD assessment of
bone marrow (BM) or peripheral blood (PB) samples
during and following treatment. However, similar IG
and TCR gene rearrangements from normal lymphocytes
in these specimens also are amplified. To discriminate
between the leukemia-derived PCR products and PCR
products of normal cells with comparable rearrangements,
the amplified bands are subjected either to fingerprint66–68

or homo-heteroduplex analysis.69 Fingerprint analysis 
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Figure 31-3. RT-PCR detection of different fusion transcripts gen-
erated by the same translocation. The presence of different fusion
transcripts requires the use of multiple primer pairs to detect fusion
transcripts formed by breakpoints in different introns of the genes,
depending on the size of the transcript.



342 C.A. Scrideli et al.

consists of PCR amplification with a fluorescent primer
and analysis by capillary electrophoresis, where clonal
amplification results in a single peak within a background
of polyclonal, constitutional amplification products.66–68

The homo-heteroduplex analysis takes advantage of the
different migration properties in a polyacrylamide gel of
V-J rearrangements containing a few mismatches (het-
eroduplex) compared with fully matched V-J junctions
(homoduplex).69 It has been recently reported that the use
of a semiautomated electrophoretic technique (Phast-
System) gives comparable results to traditional analysis for
detection of clonality but is faster, simpler, and highly
reproducible.70

Several studies have shown multiple IG and TCR gene
rearrangements at diagnosis in childhood B-precursor ALL.
Oligoclonal IGH rearrangements have been observed in 30%
to 40% of cases and IGLK rearrangements in 5% to 10%, and
are due to VH replacements, VH-DJH junction, or de novo
IGH gene rearrangements.71–74 The presence of oligoclonality
is supposed to be a rare event in TCRB and TCRG gene
rearrangements in B-lineage ALL.75–78 One exception was
reported by Szczenpanski et al.,20 who observed TCRG oligo-
clonality in 38% of patients with B-lineage ALL. Oligoclonal-
ity of TCRD frequently are observed in incomplete
rearrangements,Vd2Dd3 and Dd2Dd3.12,25,78 In T-lineage ALL,
oligoclonality is rarely seen at diagnosis.75,76,79

Clonal evolution, that is, a difference from the original
clone at relapse, has been detected in rearrangements of
both the IG and TCR genes. Rearrangements of the IG genes
are particularly sensitive to clonal evolution that occurs in
more than 30% to 40% of cases. Clonal evolution of
rearranged TCR genes is less frequent, being observed in
10% to 25% of cases. The risk of change in gene rearrange-
ments seems to increase with time, but further change is not
commonly observed in the second or third relapses.20,80–82

This clonal evolution may be due to the emergence of a new
independent clone, to secondary leukemia, or, more com-
monly, to the subclones formed by continuous and second-
ary rearrangements of these genes.83–86

RT-PCR for Leukemia-Specific Translocations

Several potential pitfalls must be avoided to prevent false-
positive and false-negative results with translocation RT-
PCR assays. First, RNA degradation must be prevented by
careful specimen handling. Second, amplification of a
control mRNA from the same cDNA preparation used for
amplification of the fusion transcript is used to control for
the integrity of the RNA, the quality of the RT step, and the
presence of inhibitors.

A major concern has been raised about the clinical
utility of RT-PCR MRD translocation testing in ALL
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patients because fusion transcripts can be detected in the
hematopoietic tissues of healthy individuals. Low levels 
of BCR/ABL transcripts have been detected in a sizable
proportion of healthy individuals.87 Using a two-round
(nested) RT-PCR method, the MLL/AF4 fusion transcript
has been detected in the fetal liver and BM of normal infant
BM samples and in 12% of pediatric ALL with no cytoge-
netic or genomic evidence of 11q23 alterations.88 The
significance of these findings is still elusive.

Molecular Detection of MRD and Clinical Studies

The study of MRD has drawn great interest in clinical
oncology because of the potential for tailoring treatment
and the possibility of gaining insight into the nature of a
cure. Several parameters are critical for the interpretation
of MRD studies, including the type of disease (ALL or
AML), therapeutic context, timing of sampling, target gene,
sensitivity of the assay, interlaboratory standardization
(particularly relevant in multicenter studies), retrospective
or prospective nature of the study, and number of tests con-
ducted for each patient.

A prerequisite for applying MRD measurements in clin-
ical studies is that the data should be available for all
patients. In ALL, PCR-based MRD detection with IG and
TCR gene rearrangements can be applied in more than 90%
to 95% of childhood and adult ALL cases. Accordingly,
most of the clinical studies of MRD in ALL have used one
of the different PCR approaches for the detection of
antigen receptor gene rearrangements.18,55

Once the clonal rearrangements have been recognized at
diagnosis, several methods can be applied to specifically
detect the leukemia-derived PCR products during the
follow-up of patients who have undergone therapy. The
major variable lies in the sensitivity of the test, which can
significantly influence the interpretation of the assay’s
results. Low-sensitivity approaches, with a detection 
sensitivity of one leukemic cell among 102 to 103 normal
cells,49,64,89 can be considered when the aim of the clinical
protocol is to identify patients with high residual tumor
load, likely to be at very high risk of relapse. By contrast,
more sensitive assays including RQ-PCR assays, with a
detection sensitivity of one leukemic cell among 104 to 105

normal cells, can allow identification of the subgroup of
patients with very good response to early therapy. These
highly sensitive RQ-PCR tests also allow precise
quantification of intermediate MRD levels.55,61,90 Whether
patients in these risk groups could profit from treatment
reduction or intensification is still unknown.

More recently, several prospective studies in childhood
ALL have shown that MRD analysis by molecular or highly
sensitive immunologic methods can predict outcome on
the basis of the reduction of the leukemic cell burden
during the first months of therapy.3,44–47,91–95 The value of
MRD detection at the end of treatment is questionable,
because a negative result does not preclude subsequent

relapse, thus reducing the utility of MRD detection as a cri-
terion for elective cessation of treatment.44–47

Now that the cure rates of childhood ALL are approach-
ing 80%, the challenge is the effective incorporation of
MRD information into new therapeutic studies. Highly sen-
sitive PCR techniques (detection limit less than 1 × 10−4)
allow the identification of a significant proportion of ALL
cases with excellent clinical outcomes in the presence of
negative MRD findings at early time points in treatment. By
contrast, patients with 10−2 or more leukemic cells during
any phase of remission induction should be regarded as
having a very high risk of relapse, thus becoming eligible
for early HSCT or experimental treatment. The clinical
response to the presence of intermediate-range positive
MRD findings (between 1 × 10−4 and 1 × 10−2) remains
unclear.

Some reports have addressed the question of whether the
assessment of MRD at an earlier time point than the end of
induction treatment could be equally satisfactory or even
better for identifying ALL patients with different treatment
outcomes. Two different studies96,97 suggest that there are
ALL patients with very early (day 15 to day 19) and pro-
found cytoreduction, who are therefore candidates for
future studies designed to test less-intense and hence less-
toxic regimens of chemotherapy; however, data from larger
series of patients will be needed to confirm these promis-
ing preliminary observations. Such patients may benefit
from further intensification of therapy, but this has not yet
been substantiated by randomized clinical studies.Thus, the
German-Austrian BFM and Italian AIEOP study groups
have adopted an MRD-based risk-group classification for
treatment stratification in their ongoing clinical studies. It
is hoped that a more sensitive and specific evaluation of
remission and early response to treatment will improve the
cure rates for children with ALL.

RT-PCR of fusion transcripts generated by the t(9;22),
t(4;11), t(1;19), and t(12;21) has been used to assess
MRD.43,47,63,65 The data reported so far have been contro-
versial, leaving unanswered the question of whether MRD
assessment based on tumor-specific translocations would
help to identify patients with different outcomes within the
same genetically defined subgroup.

Fusion transcripts almost invariably persist in
chemotherapy-treated patients with ALL bearing the
t(9;22), and detection of these transcripts correlates with the
high relapse rate of this disease subtype in both adults and
children.35,38 In studies of a large series of children, Ph+ ALL
appeared to be quite heterogeneous with regard to treat-
ment sensitivity.38 Thus, MRD evaluation may help to iden-
tify patients persistently negative for the BCR/ABL fusion
gene among those with good early responses to treatment,
who can be cured with intensive chemotherapy alone,35 and
be used as a surrogate marker to monitor in vivo response
to new drugs in childhood Ph+ ALL. For example, a ran-
domized phase II/III study (EsPhALL) has been recently
opened to compare the safety and efficacy of imatinib with
chemotherapy in pediatric patients with Ph+ ALL.
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Studies using primer sets for the t(4;11) translocation of
the MLL and AF4 oncogenes suggest that early conversion
to or persistently negative RT-PCR results (particularly
after 3 months) are associated with prolonged complete
clinical remission (CCR).89

In ALL patients with the t(1;19) translocation, persist-
ently negative RT-PCR tests are a good indicator of CCR,
but positive tests are not necessarily an accurate predictor
of relapse, thus reducing the utility of this test for clinical
decision making.34,81 Continuous monitoring with accurate
quantification may represent the most reliable approach.

Residual disease has been investigated in a limited
number of patients with ALL carrying the t(12;21). Relapse
was observed in cases with persistently positive MRD
detection at greater than 1 × 10−3.90 However, relapse has
been reported to occur even in patients with previously
negative tests. Larger prospective studies are needed to
fully assess the prognostic value of RT-PCR testing for the
t(12;21) translocation, as well as its value as a marker for
monitoring MRD in childhood ALL.32,98

Laboratory Issues

Although over the last decade numerous methods to
monitor MRD in acute leukemias have been developed and
new technologies are being used, standardization and
quality control still are needed to apply molecular diag-
nostic procedures in hematopathology. This is particularly
true in efforts to assure reproducible results within multi-
center international studies.

The molecular approach for detection of antigen recep-
tor gene rearrangements requires standardization and
quality control, which has been addressed within the same
BIOMED-1 framework. One of the major problems resides
in the fact that each patient’s leukemia has a unique
rearrangement, requiring the use of patient-specific assays
and individual optimization. Use of patient-specific assays
represents a major difficulty in transferring this method 
to clinical practice. In an effort to maximize 
detection of virtually all ALL patients and to prevent 
false-negative results, study PCR primers have been
designed for multiple targets: TCRD, TCRG, and IGLK
rearrangements, as well as the SIL/TAL rearrangement.18

The method uses a total of 54 primers with ASO probes in
single or nested PCR for target identification at diagnosis,
sequence analysis of junctional regions, and MRD detec-
tion in follow-up samples. A total of 25 PCR reactions are
performed at diagnosis to identify the PCR targets. This
standardized approach allows rapid detection of clonal IG
and TCR rearrangements in ALL with high sensitivity and
high specificity, and enables discrimination between
mono- and oligoclonal gene rearrangements. The combi-
nation of the four PCR target types allowed PCR monitor-
ing in more than 90% of B-cell precursor ALL and 95% of
T-ALL cases. In the vast majority of childhood and adult
ALL cases, two or more PCR targets were available for MRD 

monitoring. The sensitivity of detecting PCR targets
depended at least partially on the size of the junctional
region, with a level of 1 × 10−4 reached in most cases.
Recently, to increase the percentage of cases successfully
stratified by MDR, newly identified molecular targets have
been incorporated. The monoclonal Vd2-Ja rearrange-
ments in precursor B-ALL were used as patient-specific
targets for MDR detection, because they show high sensi-
tivity and good stability.27 A sensitive TCRB RQ-PCR assay
was developed99 with utility for MDR studies in T-ALL, in
which the repertoire of IG/TCR rearrangements is limited
and less sensitive.

Careful standardization and quality control of MRD
techniques were also the aims of the European BIOMED-1
Concerted Action (“Standardized RT-PCR analysis of
fusion gene transcripts from chromosome aberrations in
acute leukemia for detection of minimal residual disease”),
with participants from several laboratories in European
countries.43 In particular, the five most-frequent, well-
defined ALL chromosomal aberrations with fusion gene
transcripts were selected: t(1;19) with E2A-PBX1, t(4;11)
with MLL-AF4, t(9;22) with BCR-ABL (p190 and p210),
t(12;21) with TEL-AML1, and microdeletion 1p32 with SIL-
TAL1. PCR primers, positioned to cover several different
transcript versions, were designed according to predefined
criteria for single and nested PCR (Figure 31-3).

More recently, a Europe Against Cancer program was
established to achieve standardization and quality control
on the new RQ-PCR technique for detection and quanti-
fication of fusion gene transcripts. Twenty-five European
laboratories in ten countries have collaborated and estab-
lished consensus standards for RQ-PCR (Taqman technol-
ogy) for the main translocations seen in a spectrum of
hematologic malignancies, including ALL. A set of 12
primers and 9 probes has been selected to cover the most
frequent chimeric transcripts, with a threshold of detection
of 100 molecules and/or a 1 × 10−4 dilution.47 A representa-
tive experiment of RQ-PCR detection of the fusion tran-
script generated by the translocation t(9;22)is shown in
Figure 31-5.
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Figure 31-5. MRD monitoring by quantitative PCR for a patient with ALL carrying the
t(9;22) translocation during the course of treatment.
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This work is the first coordinated international effort on
standardization and quality control methods for a molec-
ular diagnosis procedure in hematopathology across ther-
apeutic protocols. It should allow accurate quantitative
measurement of fusion transcripts with an international
consensus protocol for diagnosis and MRD assessment in
follow-up samples from leukemia patients.

Conclusions

PCR amplification of fusion transcripts resulting from
chromosomal translocations and of IG and TCR gene
rearrangements has emerged as a sensitive and repro-
ducible method to monitor MRD in ALL. The measure 
of the initial response to therapy in patients who have
achieved complete remission by morphologic standards
can dissect clinical heterogeneity within a genetically
homogeneous childhood ALL subgroup. Moreover, MRD
monitoring can be applied to the appropriate patient sub-
groups for early prediction of impending relapses.

However, before any application in clinical decision
making, the MRD value must be studied in the context of
prospective controlled trials. Moreover, high levels of
confidence in interpreting MRD results are needed to rule
out false-positive and false-negative tests, considering the
problems and pitfalls of the current technology. In this
context, international standardization is needed for the
interpretation of MRD results produced by different studies.

MRD analysis should be incorporated into any future
clinical studies investigating a therapeutic question. More-
over, only the combination of simplification and reliability
of MRD methods will allow the potential benefits of MRD
monitoring to be extended to all children with leukemia.
In addition, new technologies such as microarrays can be
of great value to identify new genetic lesions in patients
carrying the same genetic subtypes of ALL but with dif-
ferent MRD clearance and to identify new specific markers
for MRD monitoring.
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cytes.3 In B cells, the AgRs are membrane-bound
immunoglobulins (Ig). B-cell AgR genes include the heavy-
chain gene (IGH) at 14q32, the kappa light-chain gene
(IGLK) at 2p11, and the lambda light-chain gene (IGLL) at
22q11. In a germline, or nonrearranged state,AgR genes are
composed of separate coding segments distributed in a
region of DNA estimated to be several hundred kilobases
(kb) in length. During B-cell development, one IGH allele
undergoes rearrangement, during which double-stranded
breaks in DNA occur with subsequent deletion of large
intervening DNA segments. This is followed by DNA repair
at the site of recombination to bring the separated AgR
gene segments together, to form a functional IGH gene.
Each AgR gene in germline configuration consists of vari-
able (V), joining (J), constant (C), and in the case of the
IGH gene, diversity (D) regions. There are approximately
45 V, 23 D, and 6 J regions. AgR rearrangement occurs in a
specific order: one IGH D segment is fused to one J segment
first, and this DJ segment is then fused with a V segment
to form a functional VDJ exon that encodes the variable
antigen recognition site of the IGH protein. Following IGH
rearrangement, the final product is a gene containing one
V region (plus all upstream V regions not involved in the
rearrangement), one J region (plus all the downstream J
regions not involved in the rearrangement), one D region,
and one C region, arranged in the following order on the
chromosome: V-D-J-C (Figure 32-1).

The large variety of different recombinations that 
can occur within these genes creates the diversity and
specificity of the receptors necessary for recognition of a
vast number of antigens. However, recom-binational diver-
sity alone does not account for the full range of diversity
of the Ig repertoire. Nucleotide loss and random nucleotide
addition between the D-J and V-D junctions by the enzyme
terminal deoxynucleotidyl transferase (TdT) provides
additional diversity, as does the variability of combinations
among the V, D, and J segments of the IGH, IGLK, and IGLL
genes in the formation of the antigen recognition site.

A hierarchy for Ig AgR gene rearrangements exists.4 Ig
gene rearrangement is an error-prone process, and many
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Molecular Basis of Disease

Introduction

The B-cell lymphomas (BCLs) represent 80% to 90% of
non-Hodgkin lymphomas in the Western world and
include multiple lymphoma subtypes with different 
biologies, natural histories, morphologic characteristics,
immunophenotypes, genetic features, prognoses, and
responses to therapy.1 Numerous subtypes of B-cell 
malignancies are defined according to the World Health
Organization (WHO) classification (Table 32-1). Accurate
subclassification of these BCLs has always been a challenge
for pathologists, resulting in early application of new tech-
niques in genetic analysis to these tumors to improve diag-
nostic accuracy. Today, the genetic features of BCLs are
used not only to aid in rendering an accurate primary diag-
nosis, but also to predict prognosis, to assess for minimal
residual disease after therapy, and even to help determine
optimal therapy.

Two types of molecular abnormalities in BCL have
commonly been evaluated for clinical purposes,2 those
occurring in genes coding for antigen receptor (AgR) mol-
ecules and those occurring in oncogenes and tumor sup-
pressor genes. However, it must be noted that the recent
development of new research techniques such as micro-
array gene expression profiling, comparative genomic
hybridization, and proteomics has resulted in such a rapid
expansion of new knowledge about the biology of these
different BCLs that the list of clinically important molecu-
lar markers is likely to change considerably over the next
few years, presenting a daunting challenge to clinical
molecular laboratories.

B-Cell Antigen Receptor Genes

Antigen receptors are the primary effector molecules of the
adaptive immune system and consist of multisubunit 
glycoprotein molecules present on all B and T lympho-
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attempted rearrangements result in nonfunctional AgR
genes, mostly due to a disruption of the open reading frame
for translation of the encoded transcript by the N-region
nucleotides. If the first attempt at IGH rearrangement fails,
the cell can try to rearrange the second IGH allele to
produce a functional gene. A single B cell may therefore
have two IGH rearrangements, one nonfunctional and one
functional. The IGLK alleles rearrange in a similar fashion,
but only after the successful rearrangement of one of the
IGH alleles. The IGLL genes rearrange in most cases only
if the IGLK genes have been deleted on both alleles,
following their unsuccessful rearrangement. Normal B 
cells that fail to produce a functional IGH or light chain
rearrangement are usually eliminated through apoptosis.

Even after successful rearrangement, the Ig genes in
mature B cells often undergo additional changes, including
IGH isotype switching, V-segment substitution due to a
second round of rearrangement in the germinal center, and
somatic hypermutation. When somatic hypermutation of
the IGH V region (IgVH) occurs in germinal center–derived
B cells in response to antigen exposure, affinity maturation
of an already rearranged IGH gene occurs through point
mutations, small insertions, or deletions, or some combi-
nation of these. The term “postgerminal center” is used 
to refer to B cells that have been exposed to antigen in the

germinal center and undergone additional somatic muta-
tions of IgVH.

Structurally and genetically unique AgR rearrangements
occur in every B cell and have been exploited for years as
markers of cell lineage and clonality. B cells with these
unique gene rearrangements may undergo limited clonal
expansion as a part of a normal immune response, but
uncontrolled clonal expansion occurs in BCLs (and other
B-cell malignancies). In this setting, the unique AgR
rearrangement can serve as a diagnostic marker of B-cell
clonality and a marker for detection of minimal residual
disease following therapy. Clonal rearrangements of IGH
and IGLK can be detected in essentially all malignancies of
mature B cells, but many precursor B-cell malignancies will
have only IGH rearrangements, since malignant transfor-
mation occurs before rearrangement of the IGLK gene.

Oncogenes/Tumor Suppressor Genes in 
B-Cell Lymphomas

Most BCLs are associated with characteristic chromosomal
abnormalities that may help to establish an accurate
primary diagnosis, have specific prognostic significance, or
serve as targets for minimal residual disease (MRD) detec-
tion. Table 32-2 lists the recurrent cytogenetic abnormali-
ties and the molecular correlates for most subtypes of BCL.
This list of genetic abnormalities illustrates the large
number of potential targets for molecular testing, but also
highlights the increasing challenge for clinical molecular
laboratories to provide relevant genetic information to cli-
nicians. Because most chromosomal abnormalities are
associated with specific BCL subtypes, diagnostic and
prognostic molecular testing is often necessarily different
in different BCLs. The BCL subtype-specific molecular
abnormalities with diagnostic/prognostic significance are
therefore discussed under the individual BCL categories
below, and more general considerations are discussed later
in the sections on diagnostic and prognostic indications
for molecular testing in BCL.

Chronic Lymphocytic Leukemia/
Small Lymphocytic Lymphoma

Although morphologically and immunophenotypically
similar, genetic testing has proven that several different

Table 32-1. World Health Organization Classification of B-Cell
Lymphomas

Abbreviation
Lymphoma Subtype Used in Text

Precursor B-cell lymphoblastic Pre-B ALL
leukemia/lymphoma

Mature B-Cell Lymphomas

Chronic lymphocytic leukemia/small CLL/SLL
lymphocytic lymphoma

Lymphoplasmacytic lymphoma LPL
Splenic marginal zone lymphoma SMZL
Extranodal marginal zone B-cell lymphoma MALToma

of MALT
Nodal marginal zone B-cell lymphoma Nodal MZL
Follicular lymphoma FL
Mantle cell lymphoma MCL
Diffuse large B-cell lymphoma DLBCL
Mediastinal large B-cell lymphoma MBCL
Intravascular large B-cell lymphoma ILBCL
Primary effusion lymphoma PEL
Burkitt lymphoma BL
Plasmacytoma/plasma cell myeloma PCT/MM

Figure 32-1. Configuration of the IGH gene on chromo-
some 14q32. DJ rearrangement occurs initially, followed by
VD rearrangement. The rearrangements occur in a random
fashion, resulting in a pattern of rearrangements that is
unique to each normal B cell. The variable region of the
rearranged IGH gene contains one VH segment (plus all 
the upstream VH segments), one DH segment, one JH (plus
all the downstream JH segments), and the CH segments, in
that order on the chromosome.
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diseases have been included in chronic lymphocytic
leukemia/small lymphocytic lymphoma (CLL/SLL), with
different chromosomal abnormalities, natural histories,
and responses to therapy. Established adverse prognostic
biologic factors in CLL/SLL include CD38 antigen expres-
sion (detected by flow cytometry), lack of significant IgVH

mutation, and the presence of TP53 or ATM gene defects.
Many of the relevant chromosomal abnormalities in
CLL/SLL are not detected by karyotyping; however, these
abnormalities usually are detected by fluorescence in situ
hybridization (FISH). Evaluation at diagnosis for these
abnormalities is clinically indicated in most cases, as 
therapeutic decisions are affected by the genetic profile
identified. Important specific genetic alterations in
CLL/SLL are discussed below.

Somatic Hypermutation of IGH Variable
Gene Region

Seen in ~50% of CLL/SLL patients, unmutated IgVH status
has been reported to predict poor clinical outcome.
However, recent studies have suggested that the poor
outcome associated with IgVH mutation levels of <5% may,
in fact, be due to overrepresentation of patients with TP53
dysfunction or CD38 expression, or both, in the unmutated
IgVH group.5–7 Patients with intact TP53 function and
absence of CD38 expression appear to have prolonged sur-
vival regardless of the extent of IgVH mutation. As the
measurement of IgVH mutation status requires multiple

polymerase chain reactions (PCRs) and sequencing of PCR
products, this test is currently performed for research 
purposes only.

Deletions of 13q

As a single abnormality in CLL/SLL, 13q14 deletions
convey the most favorable prognosis. CLL/SLL patients
with 13q14 abnormalities most often also have IgVH gene
hypermutation. Detected by FISH, 13q14 deletions are seen
in 40% to 55% of CLL/SLL cases and are thought to affect
one or more tumor suppressor genes. Frequent deletions
and downregulation of microRNA genes miR15 and miR16
at 13q14 have been described recently in the majority of
CLL/SLL cases.8 13q14 deletions are sometimes seen in
other BCLs, but the specific gene(s) involved may not be
the same.

Trisomy 12

Detected by FISH or routine karyotyping in 16% to 20% of
CLL/SLL cases (FISH illustration in Figure 32-2b), trisomy
12 usually is associated with unmutated IgVH genes and
also has been associated with atypical CLL. Patients with
trisomy 12 have an intermediate prognosis, with a median
survival exceeded only by patients with single 13q14
abnormalities.

Table 32-2. Nonrandom Chromosomal Abnormalities in B-Cell Lymphomas

Lymphoma Subtype Nonrandom Chromosomal Alterations Genes Involved Assay Used for Diagnosis/Prognosis*

CLL/SLL Del 13q14 Unknown FISH
Trisomy 12 Unknown FISH
Del 11q22–23 ATM FISH,
Del 17p13 TP53 FISH, karyotyping

LPL† t(9;14)(p13;q32) PAX5/IGH FISH, karyotyping

MZL t(11;18)(q21;q21) API2/MALT1 FISH, PCR
t(1;14)(p22;q32) BCL10/IGH FISH, PCR
t(14;18)(q32;q21) IGH/MALT1 FISH
Trisomy 3 ?BCL6 FISH
Trisomy 18 Unknown FISH

FL t(14;18)(q32;q21) IGH/BCL2 FISH, PCR

MCL t(11;14)(q13;q32) Cyclin FISH for t(11;14)
D1/IGH

DLBCL 3q27 BCL6 FISH, SBA
t(14;18)(q32;q21) IGH/BCL2 FISH, PCR

BL/BLL t(8;14)(q24;q32) MYC/IGH FISH, SBA
t(2;8)(p11;q24) IGLK/MYC
t(8;22)(q24;q11) MYC/IGLL

*The assays listed are those most commonly used today for clinical testing, but many of these abnormalities also can be detected by other
techniques.
†The involvement of the PAX5/IGH translocation in LPL has been reported by only one laboratory and has not been confirmed subse-
quently, so it may not be a relevant translocation in this disease. The other molecular abnormalities listed have been confirmed by multiple
sources.
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Deletions in 11q22–23

Seen in 14% to 20% of CLL/SLL cases, deletions in
11q22–23 are associated with mutation and inactivation of
the ataxia telangiectasia (ATM) gene. The ATM protein
kinase is involved in TP53 regulation, and ATM deletions
produce TP53 dysfunction in CLL/SLL cells. ATM deletions
most often are detected by FISH (illustration in Figure 32-
2a) and are associated with a poor prognosis.

Deletions of 17p13.3

The TP53 gene at 17p13.3 is deleted in 7% to 11% of
CLL/SLL cases; it is best detected by FISH (illustration in
Figure 32-2c) but is sometimes also detected by karyotyp-
ing. TP53 maintains genome integrity by orchestrating the
repair or elimination of cells with damaged DNA and con-
tributes to the cytotoxicity of many anticancer agents. It is
therefore not surprising that TP53 dysfunction is associ-

del 11q22-23-ATM tri 12

del 17p13.1-p53 t(11;14)

t(14;18)

lgH-14q32 (green)  / BCL2-18q21 (red)

t(8;14)

lgH-14q32 (green)  / C-MYC-8q24 (red)/
CEP8 (aqua)

p53m (red) / ATM (green)

p53m (red) / ATM (green)

Deleted Normal

lgH-14q32 (green)  / cyclin D1-11q13 (red)

CEP12  (green)

a

fe

dc

b

Figure 32-2. Illustration of some typical genetic abnormalities in BCL, detected by
interphase FISH. (a) CLL/SLL lymphocyte with an ataxia telangiectasia (ATM) (11q22.3)
deletion. The cell shows two red TP53 (17p13.1) signals but only one green ATM signal
(RRG). A normal cell would have two red and two green signals (RRGG). (b) A centromeric
probe for chromosome 12 demonstrates trisomy 12 (RRR) in this cell from the blood of
a CLL/SLL patient. A normal cell would have two red signals (RR). (c) In contrast to the
first image, the abnormal cell in this CLL/SLL blood smear shows a deletion of the TP53
gene, but normal ATM signals (RGG). The normal cells show an RRGG signal pattern. (d)
A translocation pattern (RGYY) is seen in this cell, using probes that detect both deriva-
tive chromosomes resulting from the t(11;14)(q13;q32) BCL1/IGH translocation in a
patient with mantle cell lymphoma (MCL). Both derivative chromosomes produce a
yellow fusion signal, while the normal alleles produce separate red and green signals.

(e) A complex interphase FISH pattern with the IGH, MYC, and centromeric chromosome
8 probes in cells from a lymph node biopsy in a patient with a Burkitt-like lymphoma
(BLL). FISH testing with a probe set for the t(8;14) MYC/IGH translocation and a cen-
tromeric probe for chromosome 8 showed an abnormal signal pattern for both IGH and
MYC, but no translocation fusion signal. Instead, the cells have four red MYC signals, three
green IGH signals, and two aqua centromeric 8 signals (RRRRGGGAA); there are no yellow
fusion signals. This patient was subsequently found to have an antecedent follicular lym-
phoma (FL), with transformation to a BLL. (f ) Subsequent FISH analysis of cells from the
same lymph node in (e) showed a typical translocation pattern (RGYY) with the probe
set for the IGH/BCL2 translocation characteristic of FL. The dual fusion probe set detected
both derivative chromosomes from the t(14;18)(q21;q32) IGH/BCL2 translocation. No
fusion partner was identified for the MYC rearrangement.
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ated with an adverse clinical outcome in CLL/SLL patients,
as well as other BCLs.

Lymphoplasmacytic Lymphoma

By one report, approximately 50% of lymphoplasmacytic
lymphomas (LPLs) carry the t(9;14)(p13;q32) transloca-
tion, in which PAX5 on 9p13 is juxtaposed with the con-
stant switch (µ) region of the IGH locus on 14q32.9

However, other investigators have not confirmed this
observation. The translocation purportedly results in dys-
regulation and overexpression of a normal PAX5 protein, a
crucial regulatory protein in normal B-cell differentiation.
PAX5 encodes a B-cell-specific transcription factor known
as B-cell-specific activator protein (BSAP), thought to reg-
ulate B-cell genes such as CD19 and IGH. PAX5 also is
thought to stimulate B-cell proliferation and transcrip-
tionally repress TP53 in vitro. Breakpoints involved in the
PAX5/IGH translocation are widely dispersed, making it
difficult to design PCR assays that will detect many translo-
cations, so detection is by FISH, reverse transcription–
polymerase chain reaction (RT-PCR), or karyotyping.

Marginal Zone B-Cell Lymphomas

Multiple chromosomal abnormalities have been found in
extranodal marginal zone B-cell lymphomas (MZLs) 
(low-grade BCLs of mucosa-associated lymphoid tissue
[MALTomas]), and recent reports suggest that low-grade
MALTomas of different sites have different chromosomal
abnormalities. Testing for these abnormalities is helpful in
confirmation of primary diagnosis and prediction of prog-
nosis. Diagnostic and prognostic testing for these chromo-
somal abnormalities usually is performed by multicolor
FISH assays.

Trisomy 3

Trisomy 3 occurs in more than 50% of low-grade MALT-
omas. Comparative genomic hybridization studies have
shown gains at 3q21–23 and 3q25–29, suggesting that BCL6
is involved in some cases.

Trisomy 18

Trisomy 18 occurs in approximatey 30% of low-grade
MALTomas. The genes involved are not well understood
and the clinical relevance is unknown.

t(11;18)(q21;q21)

The most common translocation in gastric, intestinal, and
lung MALTomas is t(11;18)(q21;q21) and occurs in 30% to
50% of cases.10–14 It is associated with a worse prognosis,

and is seen most frequently in H. pylori–positive, antibi-
otic-resistant, or advanced gastric MZL. It is not seen in
nodal or splenic MZL, or in extranodal MZL with increased
large cells or large-cell transformation. The genes involved
are the apoptosis inhibitor gene (API2) on 11q21, a
member of the IAP family with caspase-inhibitory func-
tions, and the MALT1 gene on 18q21, encoding a human
paracaspase protein. The API2/MALT1 translocation
results in a chimeric transcript and a fusion protein, which
leads to inhibition of apoptosis and confers a survival
advantage on the MZL cells. FISH is the most sensitive and
specific method for detection of this translocation;
however, RT-PCR also is used for detection.

t(1;14)(p22;q32)

An apoptosis regulatory molecule, BCL10, is overexpressed
as a result of the t(1;14)(p22;q32) translocation, which
involves BCL10 on 1p22 and the IGH gene on 14q32.15

Advanced MALTomas sometimes have both API2/MALT1
and BCL10/IGH translocations, and BCL10 appears to
interact with API2/MALT1 fusion products to synergize
activation of NF-κB, suggesting that they are part of a
common pathway. Not many molecular laboratories offer
testing for this translocation, because abnormal (nuclear)
BCL10 protein expression can be used as a surrogate assay
for this translocation. Nuclear BCL10 protein expression
also may be seen in MZL with the t(11;18) translocation.
The BCL10/IGH translocation is associated with a worse
prognosis in low-grade MALTomas.

t(14;18)(q32;q21)

Recently described, the t(14;18)(q32;q21) translocation,
detected by FISH, involves IGH on 14q32 and MALT1 on
18q21.16 It has been found in most liver MALTomas, as well
as some cutaneous, ocular adnexal, and salivary gland
lesions, but is rare in MALTomas of the stomach, intestine,
lung, thyroid, and breast. It does not occur in nodal or
splenic MZL. In a series of extranodal MALTomas, the
IGH/MALT1 translocation was not found to coexist with
the API2/MALT1 translocation but was sometimes found
with trisomy 3 or trisomy 18 or both. The clinical
significance of this translocation is not yet established. This
translocation should not be confused with the cytogeneti-
cally identical, but molecularly distinct, t(14;18)(q32;q21)-
IGH/BCL2 translocation associated with follicular
lymphoma.

Follicular Lymphoma

The t(14;18)(q32;q21) translocation, detected in about 80%
of follicular lymphomas (FLs) at the time of initial diag-
nosis, is the cytogenetic hallmark of FL and juxtaposes the
BCL2 oncogene on 18q21with a JH segment of IGH on
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14q32. Overexpression of a normal BCL2 protein results
from this translocation and protects the cells from apop-
tosis. Molecular analysis for the IGH/BCL2 translocation
using FISH17 (illustrated in Figure 32-2f) or PCR18 is occa-
sionally needed for confirmation of the initial diagnosis of
FL in cases with equivocal histologic and immunologic
findings. However, the vast majority of molecular testing in
FL patients today is performed to evaluate the course of
disease and the impact of therapy19,20 (see section on
IGH/BCL2 MRD detection, below). Most BCL2 breakpoints
occur in the 3′ untranslated region, 60% in a 150 base pair
(bp) span termed the major breakpoint cluster region 
(M-bcr) and 20% in the minor breakpoint cluster region
(m-bcr). In the remaining cases, the breakpoint occurs
outside of these areas, either in the variable cluster region
(vcr) or the intermediate cluster region (icr). The insertion
of variable numbers of random extra nucleotides at the
breakpoint junction during crossover and the variability of
the breakpoints in the BCL2 fusion gene and the six JH frag-
ments result in considerable variation in the length of PCR
products when testing is performed for this translocation.
PCR fragment length usually ranges from 120 to 270 bp for 
the M-bcr, but occasional breakpoints as much as 800 bp
downstream of the M-bcr region have been detected with
standard M-bcr primers, resulting in PCR products of
more than 1000 bp. The clustering of breakpoints on chro-
mosome 18 and the high degree of sequence homology
among the 3′ portions of the JH segments make the
IGH/BCL2 translocation very amenable to PCR detection
and a good PCR target for MRD detection.

Mantle Cell Lymphoma

Molecular testing may be performed initially to confirm
the diagnosis of mantle cell lymphoma (MCL), as the 
diagnosis confers a very poor prognosis and mandates
aggressive therapy.21 Diagnostic testing generally targets
the t(11;14)(q13q32) translocation, which juxtaposes the
BCL1/cyclin D1/PRAD1 gene on chromosome 11q13 with
an IGH enhancer, resulting in overexpression of normal
cyclin D1 protein and increased cell cycling. The translo-
cation is not specific for MCL, as it also occurs in many
multiple myelomas, but no diagnostic problems are caused
by this overlap. Multiple methods have been used to detect
the t(11;14), including karyotyping, Southern blot, PCR for
t(11;14), RT-PCR for cyclin D1 messenger RNA (mRNA),
and FISH.22 The optimal diagnostic method has proven to
be FISH (illustration in Figure 32-2d), which detects ≥90%
of cases, even in paraffin-embedded biopsy tissue. PCR
detection is less successful because the 11q13 breakpoints
are widely distributed; approximately 30% to 50% are
localized to a 1 kb DNA segment called the major translo-
cation cluster (MTC), but the remaining translocations
involve many different sites not easily detectable by PCR
analysis. Quantitative RT-PCR assays on fresh or frozen
tissue detect increased cyclin D1 mRNA in a high percent-

age of MCL,23 but there is little application for this cum-
bersome RT-PCR assay when FISH is faster, is more
specific, and can be performed on paraffin-embedded
tissue. ATM deletions like those in CLL/SLL also are seen
in many MCL cases, and progression or aggressive clinical
behavior in MCL is reported to be associated with P16 and
TP53 abnormalities. MCLs rarely have somatic mutation of
IgVH.

Diffuse Large B-Cell Lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most
common type of lymphoma, and this category of the WHO
classification represents another heterogeneous group of
BCLs. The most common chromosomal abnormalities
identified thus far in DLBCL are BCL6 (3q27) abnormali-
ties,24,25 t(14;18)(q32;q21) IGH/BCL2 translocations,26 and
REL (2p12–16) amplifications, but routine diagnostic
testing of DLBCL usually is not performed for these chro-
mosomal abnormalities. IGH/BCL2 translocations occur in
approximately 20% to 30% of DLBCL and are identical to
those occurring in FL. The clinical significance of the
IGH/BCL2 translocations in DLBCL is not clear. BCL6
translocations occur in about 40% of DLBCL, with numer-
ous translocation partners. It is likely that the particular
translocation partner dictates the prognostic significance
of the BCL6 translocation; those involving the IGH locus
appear to portend a more favorable prognosis than other
partner genes. Pathologic mutations of BCL6 also occur in
about 10% of DLBCL and may contribute to lymphomage-
nesis. Clinical testing usually is not done for BCL6 at 
diagnosis because of the lack of confirmed prognostic
significance. If done, Southern blotting is usually the
method of choice.

A promising new method of identification of prognostic
subgroups of DLBCL is microarray gene expression
profiling (GEP).27–29 By this method, a germinal center B-
cell-like DLBCL subgroup (GCB) with a favorable progno-
sis and activated B-cell-like and unclassified DLBCL
subgroups with a poorer prognosis have been identified.
The GCB subtype of DLBCL expresses genes typical of
normal germinal center B cells; REL amplification and
t(14;18) translocations are specific to this subgroup.
DLBCL is the most likely category of BCL in which miniar-
rays first will be used for detection of patterns of GEP at
the time of initial diagnosis to stratify patients for differ-
ent treatment protocols.

Burkitt Lymphoma

Burkitt lymphoma (BL) is a high grade BCL that is char-
acteristically associated with the t(8;14)(q24;q32) trans-
location, involving the MYC gene on 8q24 and the IGH
gene on 14q32 (illustrated in Figure 32-2e).30 Occasional BLs
demonstrate variant t(2;8)(p11;q24) or t(8;22)(q24;q11)
translocations involving MYC and the kappa and lambda
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light chain loci, respectively.31 These translocations result 
in increased expression of MYC activity and markedly
increased cell proliferation. The site of translocation of
MYC is reported to vary between sporadic and endemic BL;
in endemic disease, the 8q24 breakpoint occurs up to 300
kb 5′ from the coding region of the MYC gene, while spo-
radic BL characteristically involves a breakpoint in MYC
exon 1.32 There also is variable involvement of the IGH gene,
with endemic cases involving the J region, while sporadic
cases involve the C regions. The degree of molecular vari-
ability in these translocations is the reason they are not
amenable to detection by standard PCR assays. Routine
karyotyping, Southern blot, and FISH analysis using MYC
probes are successful in detecting almost all MYC translo-
cations in BL.

Multiple Myeloma

Recent studies have shown that molecular events involving
the IGH gene at 14q32 are important and initiating events
in multiple myeloma (MM).33 Most of the translocations
seen in MM are karyotypically silent but readily are
identified by FISH studies utilizing molecular probes for
14q32 and its translocation partners. Translocations
involving the IGH locus are believed to occur at the time
of isotype class switching, in contrast to other B-cell malig-
nancies. Multiple 14q32 translocation partners have been
identified in MM, with different prognostic significance.
The t(11;14)(q13;q32) translocation involves the cyclin D1
gene in ~25% of MMs and is associated with long survival.
The t(4;14)(p16.3;q32) translocation portends the worst
prognosis in MM and is seen in ~25% of cases; it involves
both the fibroblast growth factor receptor-3 (FGFR3) and
MMSET genes at 4p16.3. The t(14;16)(q32;q23) transloca-
tion involving the MAF gene conveys an intermediate prog-
nosis, as does the t(6;14)(p25;q32) translocation involving
the MUM1/IRF4 gene. The t(14;16) occurs in ~20% of MM.
Monosomy 13 is seen in ~50% of MM patients and is asso-
ciated with an adverse prognosis.

Indications for Diagnostic and
Prognostic Testing

Testing strategies for the molecular abnormalities of BCL
is evolving as the number of genes important for diagno-
sis and prognosis of BCL increases almost daily. Thus, the
molecular testing performed to confirm a primary diag-
nosis, predict BCL prognosis, or identify appropriate tar-
geted therapies for subtypes of BCL often will not be the
same as testing performed for detection of MRD after
therapy. At initial diagnosis or relapse of BCL, the labora-
tory often needs to rapidly evaluate multiple genetic
targets, but with only a low level of assay sensitivity. This
is in distinct contrast to testing for residual disease after
therapy, for which the IGH gene is used as the sole molec-

ular target in most BCL subtypes and for which a very 
sensitive assay is needed. The specific chromosomal abnor-
malities and optimal molecular approaches for identifi-
cation of clinically important diagnostic or prognostic
factors for each BCL were presented in the previous section
under the different BCL headings. The reader is referred to
these sections and to the summary in Table 32-2, as these
abnormalities only are discussed here in a general 
sense.

There are several major clinical indications for molecu-
lar testing in BCL: (1) to distinguish between a reactive 
and neoplastic proliferation of B cells, (2) to identify
specific chromosomal abnormalities to aid in accurate sub-
classification of a BCL, (3) to predict the prognosis within
a BCL subtype when alternative therapies related to
specific molecular abnormalities are defined, and (4) to
evaluate response to therapy by molecular analysis for
detection of MRD. When there is a need to distinguish
between reactive and neoplastic B-cell proliferations,
assays for detection of B-cell clonality are most frequently
used because they are applicable to virtually all BCLs. The
IGH gene is the most common target evaluated for
confirmation of B-cell clonality at diagnosis; the IGH gene
is also the most common target for detection of persistent
BCLs following therapy. The specific features of different
molecular methods used for detection of B-cell clonality
are discussed later (see “Assay Methods for Molecular
Analysis of BCL”), as is the interpretation of the testing (see
“Interpretation of Test Results”).

Because substantial morphologic and immunologic
overlap exists between different BCL subtypes, sub-
classification is sometimes difficult with routine histologic
and phenotypic evaluation alone, and accurate sub-
classification may require evaluation for characteristic
chromosomal abnormalities. Assays for specific BCL-
associated chromosomal alterations have limited clinical
utility in that they are applicable to only a subset of BCL
patients, but they may provide essential information for
accurate subclassification and prediction of prognosis.
Assessment of BCL for molecular features related to
adverse prognosis is being performed on a more frequent
basis than in the past, due to not only the identification of
increased numbers of significant molecular factors but also
to the development of many new alternative therapies.
Some prognostic factors for poor outcome appear to be rel-
evant only to a particular subtype of BCL, but other factors,
such as TP53 dysfunction, seem to be associated with poor
prognosis or progressive disease in many BCL subtypes.
Patients with BCL manifesting molecular markers of poor
prognosis often are treated more aggressively at the time
of initial diagnosis.

Maintaining multiple PCR-based molecular assays for
detection of the many BCL-subtype-specific chromosomal
abnormalities is impractical for clinical molecular labora-
tories, since assays other than for IGH gene rearrange-
ments are applicable to only a small subset of BCL patients.
The development of molecular probes against many of the
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relevant genes involved in BCL for use in FISH assays has
obviated this problem and provided a valuable alternative
method for the rapid evaluation of multiple genes. The use
of FISH assays for molecular evaluation of BCL at diagno-
sis and relapse has expanded remarkably over the past
several years and will likely continue to expand as new
molecular probes are identified. However, it must be
stressed that the sensitivity of even the best FISH assay is
not sufficient for detection of MRD in treated BCL patients.
There is an increasing need for the development and imple-
mentation of standardized, sensitive, reproducible, and
quantitative PCR testing for detection of MRD in BCL.

Minimal Residual Disease Detection

In the past, MRD testing was infrequently performed for
most BCLs because the diseases were thought to be incur-
able in all but the very early stages. However, recent use of
new therapeutic modalities such as monoclonal antibodies
and vaccine therapies for treatment of BCL has resulted in
improved clinical outcomes. Multiple large prospective
studies have clearly demonstrated the high prognostic
value of MRD monitoring in children with acute lym-
phoblastic leukemia,34,35 and molecular remissions associ-
ated with prolongation of progression-free survival and
possibly overall survival have been seen in some clinical
trials of new therapies for BCL patients. With improvement
of therapies, new methods for MRD detection are desper-
ately needed as BCL patients achieve complete clinical,
morphologic, and immunophenotypic responses. Unfortu-
nately, the optimal methodology and timing for detection
of MRD has yet to be determined for any subtype of BCL,
and inexpensive and easily standardized methods for MRD
detection of BCL have not been identified.

MRD detection in BCL is at once simpler than initial
diagnostic or prognostic testing and more complex. The
number of targets for which testing must be performed is
limited in comparison to initial diagnostic testing, but the
need for markedly increased sensitivity makes the testing
more demanding for the laboratory and significantly
increases the possibility of false-positive and false-negative
results. Ideally, techniques used for MRD detection should
have a sensitivity level to detect one BCL cell in 105 to 106

normal cells, be applicable to almost all patients with the
disease, provide some quantification of the target, and 
be rapid, inexpensive, readily standardized, and disease
specific. MRD assays also should have good intralaboratory
and interlaboratory reproducibility. In reality, most com-
monly used molecular analyses for MRD detection in BCL,
which target IGH rearrangements, do not meet many of
these criteria. Assays closest to the ideal are quantitative or
nested PCR detection of patient-specific, junctional region
IGH gene rearrangements or IGH/BCL2 chromosomal
translocations. For most subtypes of BCL, either no
translocation-associated molecular event is available for
MRD testing or the recurrent translocations occur in too

low a proportion of the BCL subtypes to be clinically
useful.

IGH gene rearrangements are typically targeted for MRD
detection in these diseases. The only sufficiently sensitive
and specific method of testing for MRD detection using
IGH gene rearrangements is patient or clone specific. This
method takes advantage of the fingerprintlike sequences of
the junctional regions of the rearranged IGH gene, which
differ in length and composition for each B-cell clone.
Multiple IGH PCR analyses of BCL biopsies at diagnosis 
or relapse are performed, the PCR products are cloned,
and the junctional regions of the clonal IGH rearrange-
ment are sequenced. The clone-specific IGH rearrange-
ment sequence is then used for design of patient-specific
PCR primers, which are subsequently used in standard or
real-time PCR assays to assess MRD for that specific
patient. The usual target for MRD detection is the VH-JH
rearrangement, but the use of two MRD targets also has
been recommended for reliable and sensitive MRD detec-
tion, if possible. Patient-specific IGH primers increase IGH
PCR sensitivity up to 1000-fold (1 positive cell in 105

normal cells) compared to consensus primers for IGH gene
rearrangements (1 positive cell in 102 to 103 normal cells).
In patient-specific IGH PCR, the background signal from
polyclonal B cells does not obscure the clonal PCR 
products.

If clonal junctional region sequences are not identified
for generation of patient-specific primers, differences in
the length of rearranged IGH junctional regions can be
evaluated only by PCR product length assessment. The 
sensitivity of this technique, even in fresh material, is not
sufficient for MRD detection. The consensus IGH primers
used in standard IGH PCR assays result in less-efficient
amplification than occurs with better-matched primers.
Thus, standard IGH PCR tests can detect only one malig-
nant cell in 102 to 103 normal cells. Real-time quantitative
PCR (RQ-PCR) techniques using standard IGH primers do
not increase the sensitivity of detection of IGH rearrange-
ments to the optimal level for MRD detection but may
provide some information about disease course over time.
The combination of patient-specific IGH primers and RQ-
PCR could make a major contribution to the achievement
of standardized MRD detection in BCL.

For RQ-PCR MRD detection, a standard curve can be
made from a dilution series of either a diagnostic lym-
phoma sample for patient-specific PCR or a cell-line dilu-
tion if patient-specific sequences are not known, and the
amount of residual lymphoma cells relative to normal cells
in a sample can be calculated by using this standard
curve.36 This technology may be used with fusion gene
translocation targets as well as the IGH gene and is
amenable to interlaboratory standardization. The determi-
nation of the trend in the quantitative numbers of residual
BCL cells over time may provide important therapeutic
information in the follow-up of BCL patients. Optimal
primer sequences and methods have been reported by the
European BIOMED-2 Concerted Action for RQ-PCR 
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detection of MRD in patients with precursor B leukemia/
lymphoma and would likely be useful in BCL patients also.
This type of MRD testing is currently performed mainly in
specific research laboratories for patients in lymphoma
clinical treatment trials.As therapeutic options increase for
BCL patients, quantitative and sensitive MRD testing will
become more routine.

Other than IGH PCR, the only other molecular target 
in common usage for MRD detection today is the
t(14;18)(q32;q21) translocation in FL. Two types of PCR
assays are commonly used for MRD detection in FL. Nested
PCR assays have been used historically and remain the
most sensitive method for MRD detection; nested PCR can
detect one translocation-carrying cell in 105 to 106 normal
cells (illustrated in Figure 32-3). However, RQ-PCR is less
labor-intensive and lacks the risk of contamination of stan-
dard nested PCR, so many laboratories have already or are
now trying to adapt this technology. Unfortunately, the ana-
lytical sensitivities of many reported RQ-PCR assays for
IGH/BCL2 translocations are less than that of nested PCR,

at only one positive cell in 104 normal cells. Rare laborato-
ries report an RQ-PCR analytical sensitivity of one positive
cell in 105 normal cells. The clinical relevance of the differ-
ence in sensitivity between nested PCR and RQ-PCR is not
clear, and it is possible that the measurement of serial quan-
titative levels of cells carrying the IGH/BCL2 translocation,
that is, the trend over time, may be more clinically impor-
tant than having a higher level of sensitivity.

An underrecognized problem in interpretation of RQ-
PCR analyses for MRD in FL is the inability of these assays
to compare the PCR product size to that of the previous diag-
nostic or MRD FL sample.With a highly sensitive test capable
of detecting MRD in FL, a rare benign IGH/BCL2 transloca-
tion-carrying cell could produce a false-positive result if a
comparison to the original clone is not made (Figure 32-3).
This comparison is readily performed with nested PCR but
requires substantial additional molecular analysis with RQ-
PCR. However, using an RQ-PCR method for MRD detection
and providing information about the trend over time for a
given FL patient may obviate the necessity for this additional

IGH/BCL2

β–Globin

Probed
IGH/BCL2

1 2 3 4 5 6 7 A B C D EA B C D E
a b c

1: 100 bp
2: (–) Control
3: No DNA
4: 1 in 104

5: 1 in 105

6: 1 in 106

7: 1 in 106

Figure 32-3. Illustration of PCR analysis for detection of MRD in sequential marrows
from three patients with FL. Each marrow is subjected to PCR for β-globin housekeep-
ing gene and IGH/BCL2 M-bcr analysis; PCR products undergo gel electrophoresis and
positive bands are detected by ethidium bromide staining (β-globin PCR results shown
in top position, IGH/BCL2 results in center position in each panel). A positive band is seen
only if an appropriate product is detected; specificity of bands is confirmed by the use
of multiple controls and also by probing of the Southern blotted IGH/BCL2 PCR products
with a BCL2 probe (shown in bottom position in each panel). (a) Controls run in parallel
with patient samples are critical for interpretation of this assay (see box insert). Positive
controls are serial dilutions of an IGH/BCL2-positive cell line (lanes 4–7). The 106 dilution
is run twice; as shown, a positive result is often detected in only one of these samples at
the lower limit of analytical test sensitivity. (b, c) Parallel PCR analyses of five sequential
marrows from two different FL patients. For each patient, sample A is pretreatment, B is
1–2 months after CHOP chemotherapy but before treatment with anti-CD20 monoclonal

antibody (Ab), and marrows C, D, and E were obtained 2 months, 6 months, and 12
months after anti-CD20 monoclonal Ab therapy. All clinical samples from each patient
were run in duplicate. The patient in (b) is positive for IGH/BCL2 at diagnosis and after
CHOP, but the marrow becomes PCR negative by 2 months after Ab therapy and remains
negative at 6 and 12 months. The patient in (c) is also PCR positive at diagnosis and after
CHOP, but has a positive band in one lane at 2 months after CD20 antibody therapy.
This band is confirmed to represent a benign IGH/BCL2 positive cell, not MRD, as it 
is not present in the duplicate sample and is clearly a different size from the patient’s
previously identified FL clone. This patient has achieved a molecular remission,
but would be called positive by assays that do not evaluate the size of the product 
in comparison to the original FL. In contrast, the patient in (d) also has a positive result
in only one duplicate at both 2 months and 6 months following Ab therapy, but these
results clearly represent MRD; the abnormal bands are the same size as the original FL
clone.
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testing. Additional studies are needed to evaluate the clinical
efficacy of MRD detection in FL patients in general, and to
compare the relative clinical value of the different nested and
RQ-PCR MRD detection methods.

PCR analysis using patient-specific primers is seldom
performed in the United States but has been extensively
used in Europe for molecular monitoring of MRD in
patients with acute leukemias treated on different clinical
trials. In addition, the Europe Against Cancer Program has
reported a standardized approach for the most common
fusion gene transcripts in ALL and BCL, developed with
substantial government clinical trial support.

Assay Methods for Molecular Analysis
of BCL

A variety of methods are employed today by clinical labo-
ratories to detect the known molecular abnormalities in
BCL. These include the “gold standard” Southern blot
analysis (SBA), PCR analysis, RT-PCR analysis, and FISH.
Each method has advantages and disadvantages for detec-
tion of molecular abnormalities in BCL.37

Southern Blot Analysis

The first widely used molecular method for detection of B-
cell clonality was SBA, and it remains the molecular gold
standard for detection of B-cell clonality. This is because
the results of interlaboratory surveys testing for IGH clon-
ality by SBA have consistently shown close to 100% agree-
ment among participating laboratories, while marked
interlaboratory variability has been seen when the same
samples were analyzed by IGH PCR.38 SBA also is useful in
testing for genes with extensive breakpoint heterogeneity
(MYC) and for genes with multiple translocation partners
(IGH, BCL6). SBA may be used to identify comigrating
translocation partners, such as the IGH and BCL2 genes
involved in t(14;18)(q32;q21) translocations (illustrated in
Figure 32-4).

SBA for BCL detects changes that occur in a gene’s
germline structure during Ig gene rearrangement, which
delete or create restriction endonuclease sites and lead to
changes in the bands on the Southern blot. SBA of cells
with nonrearranged Ig genes produces bands of character-
istic size for a given restriction enzyme (germline bands).
Cells with rearrangements or mutations in restriction sites
will have bands of different sizes from the germline bands
due to alterations of the relative positions of restriction
sites (rearranged bands)(Figure 32-4).

The criteria existing for interpretation of antigen recep-
tor SBA require that rearrangements are seen with two of
three restriction enzymes for a positive monoclonal inter-
pretation. Up to two rearrangement bands can be seen in
any one digest lane, which can represent two rearranged
IGH alleles (if the first rearrangement was unsuccessful

and the second allele was also rearranged), or can be due
to the creation of a restriction site within the region of the
probe so different ends of the probe hybridize to different
fragments of genomic DNA. Complete digestion of the
genomic DNA is essential to proper interpretation, since
partial digestion can create bands at nongermline posi-
tions.

The probes used for IGH SBA are usually against the IGH
joining region (JH), rather than the constant region (Cµ),
because heavy-chain switching deletes Cµ but not JH. For
light-chain genes, Jκ is also less frequently deleted than Cκ
in λ-expressing BCL. There is seldom a clinical use for Cλ
probes. Rare BCL will lack a detectable JH rearrangement
on IGH SBA, but these will typically show Cκ rearrange-
ment. Polyclonal B cells, each with a unique IGH rearrange-
ment, produce a weak background smear of different-sized
rearrangement bands on the SBA (Figure 32-4). The sensi-
tivity of SBA for a monoclonal population is approximately
3% to 5% of the total cell population.

Successful SBA also requires high-molecular-weight
DNA and thus can be reliably performed only on fresh or
frozen tissue or cells; DNA from paraffin-embedded tissue
is usually too degraded for successful SBA. SBA also
requires large amounts of DNA, as 5 to 10 µg of DNA is used

Control Control

(–) (–)
RLH FLRLH FL

JH BCL2

Figure 32-4. Parallel autoradiographs of SBA of IGH (JH) and BCL2 gene rearrangements
in a patient with follicular lymphoma (FL). The negative control is a T-lymphoblastic cell
line and shows a germline configuration of the IGH gene. A reactive lymphoid hyper-
plasia (RLH) shows a polyclonal smear of variably sized IGH rearrangements in normal B
cells, while the biopsy from the patient with FL shows a decrease in the polyclonal back-
ground and the presence of two clonal IGH rearrangement bands, one above and one
below the germline bands seen in all three specimens. The same membrane was stripped
and reprobed with a BCL2 probe, and the arrows show the comigrating IGH and BCL2
rearrangement bands in the FL, indicating a translocation between these two genes.
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per restriction endonuclease. Typical IGH SBA using three
restriction endonucleases therefore requires 15 to 30 µg of
DNA, which can be obtained from 106 cells or approxi-
mately 0.5 cm3 of fresh or frozen tissue. Because tissue
requirements are more strenuous and SBA is more labor-
intensive, usually taking 2 to 3 weeks to obtain results,
many clinical laboratories no longer perform SBA or use
SBA infrequently, only as a backup for equivocal IGH PCR
assays.

Polymerase Chain Reaction Analysis

Unlike SBA, which compares germline and rearranged
alleles of the genes being analyzed, PCR amplifies
rearranged alleles only because germline alleles have too
great a distance between the PCR primer binding sites to
allow for amplification. PCR can be performed on fresh,
frozen, or paraffin-embedded tissue, as well as microdis-
sected and cytology specimens, because it is not as affected
by DNA fragmentation as SBA. PCR also requires much less
DNA or RNA and is more rapid than SBA. Thus, PCR has
versatility not achieved by SBA.

PCR amplification of genomic DNA is used for detection
of AgR rearrangements as well as many BCL-associated
translocations. In genes with numerous translocation part-
ners, however, FISH is more useful than PCR. Transloca-
tions involving variable sites over an area of a chromosome
too large for PCR may be amenable to RT-PCR. RT-PCR
takes advantage of the splicing out of introns that occurs
in the generation of mRNA. RT-PCR cannot reliably be 
performed on paraffin-embedded tissue because intact
RNA is difficult to extract from paraffin-embedded 
tissues.

PCR detection of IgVH rearrangements uses V- and J-
region primers and relies on the V, D, and J segments being
brought into close proximity during rearrangement so that
the PCR reaction can amplify across these segments. The
closest V and J segments are too far apart in the germline
configuration for PCR amplification to occur. IGH clonal-
ity analysis by PCR uses consensus primers designed to
anneal to conserved IGH V- and J-region sequences. For
IGH PCR, one J-region primer will recognize all six J seg-
ments because there is a single well-conserved region
among the six J regions, but there is no single V-region
primer that will recognize all V segments. V regions have
three more highly conserved framework regions (FR I, II,
and III) and intervening highly variable sequences called
complementarity-determining regions (CDR I and II).
Because the FR sequences are more conserved across the
different V regions, the V-region primers are designed to
bind to FR sequences. Most commonly, FR III–region
primers are used because the FR III region is closest to the
J region in the rearranged state, thus resulting in a smaller
PCR product that results in more efficient amplification. FR
III– and J-region primers amplify the highly variable V-D
junction (CDR III) and detect 60% to 70% of rearrange-

ments. The sequence of the FR III V-region primer also
affects the detection rate. One interlaboratory comparison
showed a difference of from 55% to 70% based on the
specific sequence used for the V-region primer.39 The addi-
tion of a second PCR amplification using a FR II V-region
primer with a J-region primer also increases the detection
rate of the test significantly (80% to 90%).

IGH PCR amplifies any rearranged IGH allele, such that
there is a background signal from the polyclonal B cells
present in a specimen that may obscure the signal from a
monoclonal B-cell population. Numerous strategies are
used for PCR product detection, most commonly 
gel electrophoresis with colorimetric, fluorescent, or
chemiluminescent labeling. Capillary electrophoresis (CE)
with fluorescently labeled primers provides slightly
enhanced sensitivity and higher throughput, with
improved resolution, and is becoming the system of choice
for many laboratories. Interpretation of CE results may be
more objective than the standard PCR gel format for
demonstration of B-cell clonality. A polyclonal B-cell pop-
ulation produces a smear or ladder on a gel or multiple
small peaks on a CE instrument printout, while mono-
clonal B-cell populations produce one or two distinct
bands on a gel, or one or two sharp peaks on CE (Figure
32-5). One criterion developed for determining whether a
peak is monoclonal compared to the background poly-
clonal peaks is that the distinct peak should be more than
two to three times the height of the adjacent polyclonal
peaks. Specific criteria for interpretation of IGH PCR
results have not been developed, especially with regard to
the number of bands allowed per reaction. Sequence analy-
sis of IGH PCR products can be done for identification of
patient-specific sequences, which may then be used to
design patient-specific primers for subsequent patient-
specific PCR analyses for detection of MRD following
therapy.

Fluorescence In Situ Hybridization

FISH is a very useful technique for detection of tar-
geted BCL-associated chromosomal abnormalities and can
detect both structural and numerical chromosomal abnor-
malities. FISH overcomes one of the problems with rout-
ine cytogenetics on BCL samples, that is, the need for
metaphase cells, as it can be done with either metaphase or
interphase preparations. Genomic probes for the break-
points of many different BCL translocations and for gene
deletions are now readily available. FISH assays are partic-
ularly useful in detection of chromosomal translocations
in which the breakpoints are widely dispersed, because
FISH probes are much larger than probes and primers used
in SBA and PCR. For example, FISH probes can 
detect almost all of the MYC 8q24 breakpoints in the
t(8;14)(q24;q32) translocations associated with BL. FISH
detects some genetic abnormalities that are karyotypically
silent.
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Interpretation of Test Results

Pitfalls in Interpretation of BCL Testing

It is important to remember that molecular genetic studies
of BCL should always be interpreted in conjunction with
routine histologic and immunophenotypic information
and always with the knowledge of the range of genotypic
features found in normal and hyperplastic lymphoid 
populations. Interpretation in the larger clinical and
histopathologic context will avoid erroneous interpreta-
tions with the potential for adverse clinical consequences.
Our knowledge of the genetic events occurring in benign
and malignant lymphoid populations is rapidly expanding
in this era of genomics and proteomics, such that the inter-
pretation of a particular genetic finding may well change
as the field evolves. There are a number of potential pitfalls
in the interpretation of molecular analyses for BCL that
may result in false-positive or false-negative results.

Molecular Abnormalities in 
Benign Lymphoid Proliferations

The presence of a clonal B-cell population, by itself, does
not establish a diagnosis of B-cell malignancy. Small B-cell
clones may be detected by IGH PCR and SBA in benign
lymphoid hyperplasias in the absence of other criteria for
malignancy.40–42 This occurs in the setting of immune
deficiencies, autoimmune diseases, and immunosuppres-
sion, and reinforces the critical necessity for interpretation
of these tests for B-cell clonality in conjunction with clin-
ical, morphologic, and immunophenotypic information.
Patients with immune dysfunction have an increased risk
of non-Hodgkin lymphoma (NHL), in particular BCL, but
many of these patients will never develop lymphomas, even
without correction of the abnormal immune status.

Other types of BCL-associated genetic alterations have
been described in benign settings and could result in a
false-positive result. Rare B cells carry a t(14;18)(q32;q21)
IGH/BCL2 translocation in normal individuals.43–46 PCR
assays capable of detecting one IGH/BCL2 translocation-
carrying cell in 105 to 106 normal cells will be positive in up
to half of the tissue biopsies, bone marrow aspirates, and
peripheral blood specimens from normal individuals. To
date, there is no evidence that these individuals are at higher
risk for development of FL. Diagnostic tests for FL must be
designed with a sensitivity that avoids detection of the
IGH/BCL2 translocation in normal individuals.

Lineage Infidelity or Promiscuity

A potential pitfall in interpretation of molecular tests for
AgR rearrangement in BCL is the occurrence of so-called
lineage infidelity or promiscuity. This is particularly
common in precursor B-cell malignancies but may also be
seen in malignancies of mature B cells. The majority of pre-
cursor B-cell malignancies also show rearrangement of the
TCRG gene. Only 5% to 10% of mature B-cell malignancies
show TCR gene rearrangements, a finding that must be
remembered to avoid erroneous conclusions about cell
lineage.

Oligoclonality and Clonal Evolution

An oligoclonal pattern is defined as the presence of more
bands than would be seen from a single monoclonal cell
population, specifically, more than two bands per PCR. An
oligoclonal pattern can be seen when there is expansion of
several B-cell clones in reactive processes or in immuno-
compromised individuals with a reduced B-cell repertoire,
as well as in specimens with very few B cells. Oligoclonal
patterns must be interpreted with care. In addition, rare
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Figure 32-5. Capillary electrophoresis (CE) printouts
of two IGH PCR analyses for B-cell clonality. (a) A poly-
clonal B-cell population produces multiple small peaks
on the CE printout; to be considered monoclonal, a peak
should be at least double the height of the peaks from
the background polyclonal B cells. (b) A monoclonal B-
cell population produces one sharp peak on CE (or two
in some cases). The interpretation of the CE printouts is
probably more objective than interpretation of routine
agarose or polyacrylamide gels. (Black peaks are size
marker standards.)
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patients will have two separate monoclonal cell popula-
tions; however, specific documentation of two separate B-
cell populations by flow cytometry or immunophenotyping
must be demonstrated to support the interpretation of two
monoclonal populations.

During the course of the disease, the monoclonal popu-
lation may develop additional IGH rearrangements that
may alter the size of bands seen by IGH PCR or Southern
blot (clonal evolution). If IGH PCR is used for MRD testing,
clonal evolution may change or eliminate the diagnostic
PCR band(s) and lead to false-negative results. IGLK gene
rearrangements involving the kappa-deleting element
(κde) appear to be more stable than IGH gene rearrange-
ments, possibly because they usually delete the two
enhancers for the IGLK gene.45 However, these IGLK–κde
rearrangements are present in only a minority of BCL, lim-
iting their clinical utility.

Inadequate Test Sensitivity

Molecular assays generally do not achieve 100% analytical
sensitivity, so a false-negative result must always be con-
sidered. SBA will not detect clonal B-cell populations rep-
resenting less than 3% to 5% of total nucleated cells in a
fresh or frozen sample. Standard IGH PCR of fresh or
frozen tissue is slightly more sensitive than SBA, detecting
one clonal cell in 102 to 103 normal cells. IGH PCR sensi-
tivity in paraffin-embedded tissue is much lower, some-
times as low as 40% to 60%, and is highly subject to the
conditions used for tissue fixation and processing. Sur-
prisingly, many laboratories performing IGH PCR for clin-
ical purposes today do not know the sensitivity level of
their tests. It is imperative that every assay for IGH clonal-
ity include appropriate sensitivity controls, and it is essen-
tial to know the necessary level of sensitivity for the target
of interest in each case.A test sensitivity of one positive cell
in 20 normal cells (5%) is adequate for diagnostic or prog-
nostic testing of almost all BCL, but there is no rationale
for performing SBA or standard IGH PCR for MRD detec-
tion when the assay sensitivity is 5%. The minimal sensi-
tivity for a test offered for MRD detection should be one
positive cell in 104 normal cells, and a sensitivity of one
positive cell in 105 to 106 normal cells is achievable and
desirable for some assays. It is important to remember the
difference in sensitivity of the IGH AgR and IGH/BCL2 PCR
assays; in most laboratories, the IGH AgR assay has a much
lower sensitivity than the IGH/BCL2 assay, which may lead
to discrepant results when both tests are performed for the
same case.

Poor Specimen Quality

The quality of extracted DNA or RNA is not usually a
problem with fresh or frozen tissue or cells, if viable tissue
has been obtained. However, poor DNA quality is a consis-
tent problem with PCR assays of paraffin-embedded tissue,

and this tissue is not suitable for RNA extraction and testing
in most cases. Different fixatives will affect the success of
DNA extraction; formalin or zinc-formalin fixation allows
adequate DNA preservation for PCR in many cases, but it is
most often not possible to obtain adequate DNA for PCR
from most paraffin-embedded tissue fixed with mercury-
based (B5), Zencker, or Bouin fixatives.

Primer Failure

Clearly, the most common cause of false-negative IGH PCR
results for BCL is the failure of primer binding due to alter-
ation of the sequence of the region amplified by the primer
following somatic hypermutation of IgVH regions in post-
germinal center BCL. The false-negative rate with IGH PCR
ranges from <5% (MCL) to >50% (MZL, FL, plasma cell
dyscrasias). These BCLs that give false-negative results by
PCR almost always will have clonal IGH rearrangements by
SBA, which is used as a follow-up test for BCL with unex-
pectedly negative IGH PCR results in some clinical molec-
ular laboratories. The possibility of a false-negative IGH
PCR result in these postgerminal center BCLs must always
be considered in the interpretation of IGH PCR results.

Unusual or Complex IGH Rearrangements

Occasional BCLs have very complex rearrangements of
IGH and other associated genes that may confound stan-
dard IGH PCR testing. This has been seen most frequently
in FL, but similar genetic events undoubtedly occur with
other IGH translocation partners. For example, most FLs
have a single IGH/BCL2 rearrangement involving one chro-
mosome 14 IGH allele, which is then unable to participate
in a functional IGH rearrangement. An additional clonal
rearrangement of the untranslocated IGH allele on the
other chromosome 14 usually occurs and can be detected
by IGH PCR. However, occasional FLs will have transloca-
tions of both IGH alleles to chromosome 18, resulting in
the absence of a detectable clonal IGH rearrangement by
PCR and often producing rearrangements of both the BCL2
M-bcr and m-bcr regions.

Laboratory Issues

The variability of results of PCR testing for IGH
rearrangements and IGH/BCL2 translocations among clin-
ical molecular laboratories has been documented multiple
times over the past several years by the proficiency testing
surveys of the College of American Pathologists,47 as well
as by other independent interlaboratory surveys.48 It is of
particular concern to clinicians, and to those setting up
and running clinical treatment trials, that multiple inter-
laboratory surveys have documented a high level of false-
negative results for these PCR assays, as well as a lower 
but still significant number of false-positive results. The
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reasons for the lack of reproducibility among laboratories
are multiple and not easily overcome. Some strategies for
PCR testing and interpretation that have been shown to
improve testing performance are discussed below.

Use of Appropriate Controls

Appropriate controls include positive, negative, sensitivity,
and no DNA reactions. Many laboratories do not know or
overestimate the diagnostic sensitivity of their IGH and
IGH/BCL2 PCR assays, possibly because the sensitivity of
the assay is established at the time of test validation, but
sensitivity controls are not included in every run. Interlab-
oratory surveys also indicate that some laboratories do not
use adequate controls to allow accurate interpretation of
results. An additional important PCR control, particularly
with paraffin-embedded tissue, is the amplification of a
nonrearranging gene to document the presence of
adequate DNA in the tested sample and the absence of
inhibitors of the Taq enzyme, to prevent reporting of a
false-negative result.

Amplification of Duplicate Aliquots of DNA

In small samples or samples with few B cells, there are not
always sufficient B cells to produce a polyclonal back-
ground. In this setting, PCR can amplify rare B cells, pro-
ducing a misleading monoclonal or oligoclonal pattern of
amplification for IGH PCR assays. Likewise, a sensitive
IGH/BCL2 assay capable of detecting MRD will also
amplify a rare benign translocation-carrying cell, as previ-
ously discussed. Overinterpretation of a single band on
IGH and IGH/BCL2 PCR assays by laboratories not per-
forming the assays in duplicate likely represents the most
common cause of false-positive results for these assays.
With amplification of duplicate aliquots side by side, only
clearly visible bands of identical size in each duplicate
should be called positive, not nonreproducible or weak
bands. Bands seen in analyses of specimens containing rare
B cells, or rare normal translocation-carrying cells, will not
be reproducible.

Adherence to Strict Criteria for
Interpretation and Reporting

The interpretation of assays for IGH rearrangements, the
IGH/BCL2 translocation, and other BCL-associated
translocations must be performed with caution. It is appar-
ent that even the most commonly performed PCR assays
for IGH and IGH/BCL2 have an unacceptably high level of
erroneous results. Since no universal standards for inter-
pretation of these assays have been delineated thus far, PCR
results should be very carefully interpreted and reported,
preferentially in conjunction with clinical history, mor-

phology, and immunophenotyping data. Reports should
clearly indicate that a false-negative result is a possibility.
Use of SBA as a backup for negative or equivocal IGH PCR
results is helpful in eliminating false-negative and false-
positive IGH PCR results, but it may also substantially delay
obtaining a final result. Clinical molecular laboratories
must develop mechanisms to avoid reporting irrelev-
ant IGH/BCL2 translocations as MRD. Labor-intensive
methods such as sequencing of PCR products and fluores-
cence-based PCR–single-strand conformation polymor-
phism (SSCP) analysis are not practical for routine clinical
practice, but most false-positive IGH/BCL2 PCR results can
be avoided by performing the assay in duplicate. Parallel
analysis of the original BCL with a posttreatment sample
being evaluated for MRD will confirm that the rearrange-
ment is detectable by the specific PCR assay and will allow
comparison of PCR amplification product sizes, which is
very helpful in ruling out false-negative and false-positive
results (Figure 32-3). False-negative results for MRD detec-
tion occur most frequently with inadequate test sensitivity.
Laboratories performing testing for MRD must offer a sen-
sitivity level of 1 in 104 to 106.

Conclusion

Clinical demand for genetic characterization of BCL at the
time of primary diagnosis has intensified as our under-
standing of NHL biology has increased and therapies tar-
geting specific BCL have been developed. Today, genetic
features of NHL are used to aid in rendering an accurate
primary diagnosis, to predict prognosis, to evaluate for
MRD after therapy, and even to help determine optimal
therapy. The rapid acquisition of knowledge about BCL
biology and translation of this knowledge into targeted
therapeutic strategies is occurring today at an unprece-
dented rate. New testing strategies and technologies are
essential for clinical laboratories to keep up with the
growing information on BCL obtained from research
methods such as gene expression profiling, comparative
genomic hybridization, and proteomics.

Clinical laboratories doing molecular testing on BCL
today are faced with two daunting tasks. First and foremost
is the necessity of expanding test menus to meet the
increasing clinical demand for testing for new genetic
markers in NHL. Expanding test menus to meet clinical
needs will require technical advances, as the current tech-
nology in clinical molecular laboratories does not allow
rapid screening of BCL for a broad panel of relevant genes
at a reasonable cost. Permutations of research methods are
under development and show promise in alleviating the
technological bottleneck preventing translation of this new
genetic knowledge to the clinical laboratory. However, the
lack of a reasonable level of reimbursement for molecular
testing in general is a major roadblock to successful imple-
mentation of new techniques for molecular testing for
important new genetic markers in BCL.
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The second task facing clinical molecular laboratories,
which is equally important to the credibility of the field, is
the urgent need for standardization of molecular testing
methods to eliminate the wide variability of results among
molecular laboratories. Laboratories in Europe are ahead
of those in the United States in standardizing molecular
testing for lymphoma and leukemia clinical treatment
trials, partly because of the substantial government
support they have had to accomplish this task and partly
because of their geography. It is likely that similar govern-
mental support, probably linked to mandated proficiency
testing, will be needed to achieve a comparable level of lab-
oratory standardization of molecular testing in the United
States. If molecular laboratories in the United States do not
voluntarily develop a format for standardization of clinical
molecular testing for leukemias and lymphomas, it is likely
that hematopathology molecular testing in the future will
be confined to large central reference laboratories.

The role of the molecular hematopathologist is clearly
changing and expanding. As genomic profiling, compara-
tive genomic hybridization, and other genomewide screen-
ing research identifies more new genes and biologic
mechanisms that play important roles in the therapeutic
responsiveness and overall survival of lymphoma patients,
clinicians are beginning to incorporate this new knowledge
into the selection of more targeted therapies. Clinical mole-
cular laboratories performing hematopathology molecular
diagnostic testing today must provide input at the time of
initial diagnosis and during the course of treatment to
ensure the performance of appropriate molecular testing
and the accurate interpretation of results. The testing per-
formed to confirm initial diagnosis and evaluate for prog-
nostic genetic abnormalities in BCL is not the same testing
that will be performed for detection of MRD after therapy.
Furthermore, the lines between classical cytogenetics lab-
oratories and molecular laboratories are blurring, due to
the marked increase in the use of molecular probes for
FISH analysis. Molecular pathologists increasingly will
need to be very familiar with both lymphoma biology and
different therapies for lymphoma, and will have to interact
more closely with clinicians than ever before to accurately
interpret the results of molecular tests.
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Chapter 33
T-Cell Lymphomas
Iris Schrijver and Daniel A. Arber

and mycosis fungoides. Related neoplasms of natural killer
(NK) cells also occur, but because these are not true T-cell-
derived tumors, they do not usually demonstrate T-cell
receptor gene rearrangements. The T- and NK-cell neo-
plasms of the World Health Organization (WHO)
classification are listed in Table 33-1.3

Translocations and Deletions

Clonal T-cell abnormalities can originate from a variety of
molecular genetic events. Translocations can result in a
fusion of (parts of) different genes if the breakpoint is
within the affected genes. Upregulation of gene expression
also can result, if the breakpoint is located outside the
coding region. This can expose a gene to the enhancing
effects of other genes and regulatory sequences that are 
in close proximity due to the translocation. Anaplastic
large cell lymphoma, which is a T-cell or null-cell 
lymphoma, is associated with translocation t(2;5)
(p23;q35). This translocation is characterized by a fusion
between the nucleophosmin (NPM) gene on chromosome
5 and the anaplastic lymphoma kinase (ALK) gene on 
chromosome 2.3,4 It is the most common cytogenetic
abnormality in noncutaneous forms of anaplastic large 
cell lymphoma and the only recurring translocation that is
routinely tested for in mature T-cell lymphomas. ALK can
fuse with other genes as well, including TPM3 at 1p21,
TFG at 3q21, ATIC at 2q35, CTLC at 17q23, and MSN at
Xq11-12.4,5

In addition to gene translocations, allelic loss of a tumor
suppressor gene can contribute to the development of lym-
phoma. An example is loss of function of the P15 and P16
genes on the short arm of chromosome 9.6 Allelic loss and
gene silencing due to promoter methylation were identified
in both early and advanced stages of Sézary syndrome and
mycosis fungoides. Cytogenetic anomalies, including dele-
tions and inversions on the long arms of chromosomes 8,
11, and 14, are associated with T-cell prolymphocytic
leukemia. However, due to the variation in gene fusion
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Molecular Basis of Disease

There are two broad genetic changes that can be studied in
T-cell lymphomas, namely, T-cell receptor (TCR) gene
rearrangements and chromosomal translocations, dele-
tions, or additions.

TCR Gene Rearrangements

Pluripotent bone marrow stem cells give rise to progenitor
T cells, which migrate to the thymus for primary ontogeny.
There, TCR genes undergo somatic rearrangement of
germline gene sequences, similar to the process that occurs
in immunoglobulin heavy (IGH) and light-chain (IGLK
and IGLL) genes. The four TCR genes are rearranged in the 
following order: TCRD (on chromosome 14q11), TCRG
(7p15), TCRB (7q34), and TCRA (14q11).1 These rearrange-
ments occur early in T-cell development and are unique to
each cell, ensuring great receptor diversity (Figure 33-1).
The genetic recombination occurs when the variable (V)
segments are joined with a diversity (D) region (present
only in the TCRB and TCRD genes) or with a joining (J)
region by deletion of the intervening coding and noncod-
ing DNA sequences. Thus, the TCRB and TCRD gene
rearrangements result in V-D-J juxtaposition similar to the
IGH gene, whereas the TCRA and TCRG genes contain only 
V-J rearrangements. In all cases, the V-(D)-J segment is
apposed to the downstream constant (C) region by mRNA
splicing (Figure 33-2). The TCR genes are translated into
two types of receptors, which exist as heterodimers (αβ or
γδ).2 Approximately 95% of mature, circulating T cells
express the αβ receptor because the initial δ or γ rearrange-
ments failed to produce a functional receptor. In the skin,
spleen, gastrointestinal tract, and other extranodal sites, γδ
T cells are more commonly identified. T-cell neoplasms
ensue after maturation arrest at one of the stages of T-cell
development (Figure 33-1). They can originate from imma-
ture T cells as in lymphoblastic T-cell lymphoma, or from
more mature T cells, as seen in peripheral T-cell lymphoma
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sites, none of these translocations is currently analyzed
routinely at the molecular level.

Indications for Testing

The diagnosis of a T-cell malignancy is best made in the
context of clinical information, tissue morphology, immuno-
histochemical stains, and immunophenotypic analysis. In
contrast to the restricted IGL protein expression in mature
B-cell lymphomas, however, T cells do not have a definitive
immunophenotypic marker of clonality. Therefore, TCR
gene rearrangement studies can be essential to complement
a diagnostic evaluation and to distinguish polyclonal from
monoclonal lymphoproliferations. When clonality is
assessed by TCR polymerase chain reaction (PCR), a visible
band with products of exactly the same size is indicative of
the presence of a clone, whereas polyclonal amplification
generates a smear of nondistinct products of various sizes.
A result is considered oligoclonal if more than two distinct
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Figure 33-1. Various stages of T-cell development and an overview of
the order of TCR gene rearrangements. (TdT, terminal deoxynucleotidyl
transferase.)
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bands are visible. The number of bands that would lead to a
determination of oligoclonality varies by method, but the
band size often will vary between duplicate PCR reactions in
oligoclonal proliferations. In addition to the differentiation
of reactive and neoplastic proliferations, molecular methods
can be applied to identify disease-related findings, such as
an associated virus or a specific gene fusion product, that
enable subclassification of the malignancy.

Anaplastic large cell lymphoma, characterized by
translocation t(2;5)(p23;q35), is the only translocation for
which testing is widely available. Diagnostic testing is 
complicated by the variety of ALK fusion partners and
inconsistency of genetic anomalies seen during tumor 
progression.

Adult T-cell leukemia/lymphoma (ATLL) is strongly
associated with HTLV-1 infections.7 The provirus is clon-
ally integrated in the host DNA in virtually all ATLL
patients, but in situ hybridization studies for this virus are
difficult to perform and are not routinely offered. Serologic
studies or PCR analysis are better suited to detect the virus.

Figure 33-2. The TCRB locus on chro-
mosome region 7q34 is used as an
example to demonstrate the rearrange-
ment of the variable (V), diversity (D),
joining (J), and constant (C) regions. N,
nucleotides added by the enzyme TdT.
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Many NK-cell lymphomas are extranodal proliferations
frequently associated with Epstein-Barr virus (EBV) infec-
tion within tumor cells.8 In situ hybridization testing for
EBER-1 RNA of EBV is offered in many laboratories and
often is useful in the diagnosis of this tumor type. Because
of the high frequency of latent infection by EBV in normal
adults, serologic and PCR tests for EBV are of little value 
in determining a disease association, and the in situ
hybridization procedure is the preferred method of testing.

Available Assays

Although no single methodology detects malignancy in all
cases, several molecular methods can be applied with high
sensitivity and specificity.

Southern blot analysis (SBA) requires fairly large
amounts of fresh tissue and is both labor-intensive and
time-consuming. Radioactive probes often are used, but
fluorescent probes for SBA also are widely available. Fur-
thermore, detection of a clonal rearrangement by SBA
requires that at least 1% to 5% of the cells in the sample
have the suspected abnormality. SBA remains a useful
method for some testing, however, especially as an inde-
pendent diagnostic method when clinical suspicion is high,
and during optimization of TCR PCR tests.9,10 SBA of the
TCRB gene is most commonly applied, and although it will
detect more than 90% of T-cell malignancies, it is generally
unable to identify gene rearrangements in clonal γ δ T cells
or NK cells. SBA requires DNA digestion by restriction
enzymes, followed by electrophoresis and transfer of the
DNA to a membrane. The DNA on the blot is then
hybridized with probes directed against the TCRB constant
region (Cβ) or probes directed against one or both of the
TCRB joining regions (Jβ1 and 2).11 An example of a TCRB
Southern blot is shown in Figure 33-3. Even though a large
number of rearrangements are present in a lane, only the
clonal rearrangement reaches the detection level.

As recommended in the recent Clinical and Laboratory
Standards Institute (CLSI) guidelines,12 SBA is performed
using three restriction enzyme digests of genomic DNA.
The presence of up to two nongermline rearrangement
bands in at least two of the three digests is interpreted 
as a positive result. A nongermline band or bands in only
one of the three digests may represent an individual poly-
morphism or a true rearrangement. Only two of the 
three digests are required to show rearrangement bands,
since one of the digests may have a rearrangement that is
the same size as the germline band. The allowance for up
to two rearrangement bands per digest accounts for
rearrangement of both TCR alleles, or the creation of a new
restriction site within the probe region, by the rearrange-
ment. The presence of more than two nongermline
rearrangement bands is interpreted as an oligoclonal
pattern.

PCR tests are now much more frequently utilized than
SBA. Advantages of PCR include the short turnaround-
time, minimal quantity requirements for DNA or RNA, and
very high sensitivity (in the absence of a polyclonal T-cell
background). Direct PCR amplification of genomic DNA
can be used for assessment of T-cell clonality in fluids and
tissue, including paraffin-embedded tissue. Usually the
TCRG gene is amplified, which contains 11 variable regions,
composed of only four V families, and five J-region exons
and, therefore, is much less complex than the TCRB
locus.13–15 Because the TCRG locus is rearranged prior to
the TCRB locus, clonal rearrangements can be detected
even if the ultimate receptor pair expressed on a cell is Tαβ.
The first-generation TCRG PCR tests employed consensus
primers for at least a portion of the joining (J1/2) region
and for the first family of the variable regions (Vγ1–8).
However, false-negative reactions can be minimized with
an expanded panel of primers directed against all the

Figure 33-3. Example of a TCRB Southern blot. Three restriction enzymes (B, BamH I;
E, EcoR II; H, Hind III) were used on genomic DNA from germline (left) and T-cell lym-
phoma (right) samples. The lymphoma sample demonstrates one to two rearrange-
ments (arrows) with all three restriction enzymes.

Table 33-1. T-Cell and NK-Cell Neoplasms of the WHO 
Classification

Precursor T-lymphoblastic leukemia/lymphoma
T-cell prolymphocytic leukemia
T-cell large granular lymphocytic leukemia
Aggressive NK-cell leukemia
Adult T-cell leukemia/lymphoma
Extranodal NK/T-cell lymphoma, nasal type
Enteropathy-type T-cell lymphoma
Subcutaneous panniculitis-like T-cell lymphoma
Blastic NK-cell lymphoma
Mycosis fungoides/Sézary syndrome
Primary cutaneous CD30 positive T-cell lymphoproliferative 

disorders
Primary cutaneous anaplastic large cell lymphoma
Lymphomatoid papulosis
Borderline lesions

Angioimmunoblastic T-cell lymphoma
Peripheral T-cell lymphoma, unspecified
Anaplastic large cell lymphoma
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TCRG variable and joining regions. The primers for regions
Vγ1–8, Vγ9, Vγ10, and Vγ11, coupled with a group of J-
region primers, are most widely used.16 After PCR
amplification, the products can be visualized by methods
including heteroduplex analysis, denaturing gradient gel
electrophoresis, or capillary electrophoresis.17,18 Figure 33-
4 demonstrates examples of TCRG PCR test results with
clonality assessment by heteroduplex analysis and by cap-
illary electrophoresis.

Reverse transcription–polymerase chain reaction (RT-
PCR) is used for the identification of fusion transcripts
such as NPM/ALK, associated with t(2;5) in anaplastic large
cell lymphoma (Figure 33-5). Because the fusion product is
small, testing of RNA from paraffin-embedded tissue sec-
tions may be possible. This translocation results in expres-
sion of the ALK protein, which is not normally expressed
in lymphocytes. ALK expression is a favorable prognostic
marker and is associated with improved survival compared
to ALK-negative anaplastic large cell lymphoma. This 
association is independent of the translocation partner.
Because some NPM/ALK fusions as well as many ALK
translocations to different fusion partners are missed by
specific methods such as RT-PCR analysis, and because of
the important prognostic significance of ALK expression,
ALK immunohistochemistry is the most widely used test
for this disease. RT-PCR, however, may have greater utility

in minimal residual disease (MRD) monitoring, in select
cases.19

Fluorescence in situ hybridization (FISH) on fresh and
even paraffin-embedded tissues also are used to detect the
t(2;5). This method offers an improved rate of detection in
paraffin-embedded tissues when compared to RT-PCR for
NPM/ALK, but t(2;5) FISH is not offered as a diagnostic
tests in most laboratories.

Real-time quantitative PCR (RQ-PCR) is used to monitor
patients for MRD after therapy, or for disease recurrence.
The NPM/ALK product can be monitored with extremely
high sensitivity (as low as 0.001% tumor burden), but RQ-
PCR assays for this fusion transcript are generally not
offered diagnostically. Quantitative TCRG detection of
MRD has been studied in childhood acute lymphoblastic
leukemia (T-cell ALL),20 which may be used clinically upon
future optimization.

In situ hybridization (ISH), other than FISH analysis,
is commonly used for the detection and localization of
EBV in tumor cells, particularly nasal-type NK/T-cell 
lymphomas. ISH can be performed on formalin-fixed,
paraffin-embedded tissue sections and identifies evidence
of EBV RNA within the nuclei of virtually all tumor 
cells. EBER-1 RNAs are most commonly targeted due to 
the very high copy number in EBV-infected tumor 
cells.

1 = Positive patient sample

2 = Negative patient sample

3 = Positive control

4 = 0.5% sensitivity control

5 = Normal (tonsil) control

6 = Reagents only (blank)

7 = Empty lane

8 = Heteroduplex control

9 = 100 bp ladder

800 bp

100 bp

1 2 3 4 5 6 7 8 9

T -cell
Iymphoma

220 240 260 60 180 200

Reactive
control

TCR Vγ  1–8/J TCR Vγ  10/J

a

b

Figure 33-4. (a) Example of PCR-based analysis of the TCRγ locus with
consensus primers for the joining (J1/2) region and for first family of the
variable regions (V1), and visualization by heteroduplex analysis on a
mutation detection enhancement (MDE) gel. After PCR amplification,
the products are denatured and slowly allowed to reanneal 
(heteroduplex annealing), followed by electrophoresis. A clonal
rearrangement will form a homoduplex band, which migrates faster than
the heterogeneous polyclonal rearrangements. (b) Capillary elec-
trophoresis of a clonal T-cell neoplasm and a reactive control. The arrows
indicate clonal rearrangements detected with primers directed against
Vγ1-8/J and Vγ10/J. Molecular weight standard peaks are present in the
center of the left panels, and to the right of the right panels.
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Interpretation of TCR PCR Test Results

Issues of TCR PCR test result interpretation are related to
the method used to evaluate the PCR product. In gel-based
assays, a positive result is based on finding a discrete band
of the appropriate size in contrast to a smear or ladder of
bands found with polyclonal T cells. With capillary elec-
trophoresis instruments, each laboratory must establish
and validate its own criteria for a positive result. The most
commonly used criteria consider a peak that is two (or
three) times larger than the third-largest peak to be evi-
dence of a monoclonal population. This approach allows
for biallelic rearrangements that may show two clonal
peaks. Less-stringent criteria can be used with capillary
electrophoresis in follow-up samples when the size of the
expected clonal PCR product is known from prior testing.

Oligoclonal proliferations offer additional interpretive
challenges. The presence of more than two bands on a gel
(or more than two prominent peaks by capillary elec-
trophoresis) should be considered evidence of an oligo-
clonal proliferation rather than monoclonality.Variation in
the size of the bands or peaks on duplicate runs of the same
sample should be interpreted as evidence of oligoclonality
(or selective amplification of small numbers of polyclonal
T cells in a paucicellular sample). For this reason, many lab-
oratories test samples in duplicate to confirm the repro-
ducibility of a monoclonal population before reporting a
positive monoclonal result.

Sensitivity

For most T-cell lymphomas and acute lymphoblastic
leukemias, TCR gene rearrangement studies are the only
molecular assays available. The sensitivity of these assays
varies. SBA remains the gold standard for TCR rearrange-
ment testing because, in principle, all rearrangements can
be detected. SBA, however, has a sensitivity of approxi-
mately 1% to 5%. Most PCR-based assays detect only ~80%
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Figure 33-5. The NPM/ALK fusion of
the t(2;5) is the most common ALK
translocation in anaplastic large cell 
lymphoma. The NPM gene has an
oligodimerization (OD) domain, a metal
binding (MB) domain, 2 acidic amino
acid clusters (AC) and 2 nuclear localiza-
tion signals (N). The ALK gene has a puta-
tive ligand-binding site for pleiotrophin
(LBS), a Meprin/A5/protein tyrosine
phosphatase Mu (MAM) domain, and a
transmembrane (TM) domain in addi-
tion to the tyrosine kinase domain. Hor-
izontal arrows indicate the approximate
location of primers used for the RT-PCR
amplification of this fusion.

of TCR rearrangements compared to SBA because PCR is
primer dependent. However, application of multiple TCRG
primer sets allows the detection of the vast majority of
rearrangements.21 Patient-specific primers have been
developed on a research basis and allow a lower level of
detection (around 0.001%), but this approach is labor-
intensive and time-consuming, thus prohibitive for wide
clinical application. Due to the great diversity in possible
rearrangements, the vast majority of PCR tests use con-
sensus primers, reaching a sensitivity of around 0.1% to 1%
(in the absence of a prominent polyclonal background and
depending on the method used for analysis of the PCR
products). TCR gene rearrangements may remain obscure
if the locus under investigation has been deleted in the
rearrangement, or has remained in the germline configura-
tion. It is also possible that the primer binding site itself
was removed or changed during the rearrangement. More-
over, false-negative results may be caused by an insufficient
number of clonal cells in the sample. For MRD testing
using PCR, the level of detection varies markedly based on
the test method and the exact molecular basis of the lym-
phoid proliferation.

Specificity

TCR gene rearrangement tests are helpful for lineage
determination but are not always definitive due to “lineage
infidelity,” rearrangement of the TCR gene in non-T cells.
In difficult cases of ambiguous lineage, both B- and T-cell
clonality studies should be performed to ensure compre-
hensive assessment. TCRG rearrangements may occur in
up to 55% of precursor B-ALL, although they are absent in
most mature B-cell malignancies. Approximately 10% 
of patients with acute myelogenous leukemia (AML)
demonstrate positivity in TCRG rearrangement studies.
In these settings, the detection of a gene rearrangement
should be viewed as evidence of clonality rather than of
lineage, and correlation with immunophenotyping data is
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the presence of PCR inhibitors such as heparin. To rule out
an intrinsic problem with the amplification itself, the
quality of the DNA is assessed by amplification of an unre-
lated control gene. False-negative results can largely be
avoided by optimal selection of primers, as well as
amplification of a control sequence for each sample, in
addition to clonality testing. The detection rate for TCRG
PCR testing also depends on the specimen type and quality
used for DNA extraction. A significantly lower number of
true positives may be achieved using paraffin-embedded
tissue, and laboratories often validate the sensitivity of
the assay specifically for paraffin-embedded tissue 
specimens.

Selection of Primers and Probes for 
Clonality Tests

Each laboratory should individually evaluate which assays
are most suitable to answer the diagnostic questions that
arise in its patient population, and which set of probes and
primers are most appropriate. A recent multicenter study16

reports that laboratories routinely use two to five different
restriction enzymes for SBA analysis of the TCRB chain
gene. The majority of laboratories that participated in this
study (9 of 13) used three enzymes, as recommended by
CLSI.12 Ten of 13 participating laboratories also used only a
single hybridization probe, whereas the remaining three
laboratories in the study used two probes. The use of the
additional second probe may be a valid alternative to the
use of a larger number of enzymes when the available tissue
is minimal.Whereas each additional enzyme digest requires
additional tissue, the same Southern blot can be stripped
and evaluated with additional probes without the need for
more sample. In such cases, however, hybridized material
must be removed efficiently without significant loss of
genomic DNA from the membrane.

As mentioned previously, the false-negative rate of TCRG
PCR can be significantly reduced if primers directed
against all of the V and J regions are used. Such an
approach at a single institution was recently reported to
detect 95% of clonal T-cell proliferations by PCR analysis.

Result Interpretation

In T-cell clonality assessment by PCR, bands may be
difficult to interpret when they are weak or outside the
expected size range. Weak results should be repeated to
confirm reproducibility. Capillary electrophoresis instru-
ments are useful for differentiating oligoclonal prolifera-
tions from clonal peaks due to their ability to separate PCR
products at the single base pair level. Peaks or bands
outside the expected diagnostic range could be definitively
characterized by direct DNA sequencing. However, specific
criteria for interpretation of PCR methods for clonality
testing have not been established at this time.

used to assign lineage. Overall, more than 90% of T 
lymphoblastic lymphoma/leukemia cases have TCR gene
rearrangements, with nearly 20% also having IGH gene
rearrangements.

TCR gene rearrangement studies are typically per-
formed to distinguish polyclonal from monoclonal lym-
phoproliferations, but the detection of a monoclonal TCR
gene rearrangement in isolation is not always indicative of
malignancy. There are several scenarios in which TCR gene
rearrangements may be detected in nonneoplastic condi-
tions. The most common examples of this phenomenon 
are in autoimmune disorders, infectious diseases, and
cutaneous lesions.22 Lymphomatoid papulosis is a CD30-
positive cutaneous lymphoproliferative disorder that may
progress to cutaneous anaplastic large cell lymphoma. A
subset of cases of lymphomatoid papulosis has TCR gene
rearrangements, but this finding is not predictive of pro-
gression to lymphoma. Therefore, in this setting, TCR gene
rearrangement studies are of little value. Autoimmune 
disorders and some infectious diseases, including EBV
infection, are associated with oligoclonal B- and T-cell pro-
liferations. Such oligoclonal processes may result in selec-
tive amplification of one of the clones, mimicking a clonal
gene rearrangement. In a similar fashion, small numbers of
T cells, particularly in small skin biopsy specimens, may
result in monoclonal or oligoclonal amplification patterns
by PCR. Duplicate testing of these sample types will fre-
quently reveal different-sized gene rearrangements, indi-
cating “pseudoclonality.”

Laboratory Issues

Controls

As for any clinical molecular test, the choice of controls 
is critical. Previously positive patient specimens and T-
lymphocyte-derived cell lines can serve as positive con-
trols. Sensitivity controls can be made by dilution of a
positive control cell line in a polyclonal T-cell population,
such as tonsil, to determine the level of detection in a poly-
clonal background. The sensitivity in a nonlymphoid back-
ground will be higher and may lead to inaccurate
assessment of sensitivity. In addition to a positive control,
and one or more sensitivity controls, PCR tests should
always include a normal (negative) sample and a sample
containing reagents but no DNA as controls for possible
contamination with extraneous DNA. SBA controls include
size markers, germline DNA (e.g. from placenta), and a sen-
sitivity control.

Failure of PCR Tests

In contrast to general clinical molecular PCR tests, appar-
ent failure of the reaction in T-cell clonality assays can be
due to a paucity of T cells rather than poor-quality DNA or
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Chapter 34
Lymphoproliferations of Immunodeficiency
Ethel Cesarman and Amy Chadburn

those arising in the setting of HIV infection; however, other
lesions, such as many of the PTLD, are difficult to classify
due to their polymorphic appearance. Thus, the accurate
diagnosis and treatment of these immunodeficiency-
related LPDs often requires not only morphologic exa-
mination but also the use of immunophenotypic and 
genotypic techniques.

The most frequently encountered immunodeficiency-
related LPDs are those occurring in the setting of HIV
infection and following organ transplantation. These
lesions, because of their frequency, have been better 
characterized and thus are the focus of this chapter. The
primary immune disorders and methotrexate-related LPDs
are relatively rare and have not been as extensively studied.
Other than a B-cell lineage and the documentation of a role
for EBV in their development, there is not much informa-
tion regarding specific molecular alterations (other than
those causing the primary immunodeficiency).

HIV-Related Lymphomas

The incidence of non-Hodgkin lymphomas (NHL) in HIV-
positive individuals is estimated to be between 4% and
10%, but the incidence of at least some subsets appears to
be decreasing with combination antiretroviral therapy. The
incidence of Hodgkin lymphoma is somewhat increased in
HIV-infected individuals but is not considered to be an
AIDS-defining condition. The pathogenesis of NHL in the
context of AIDS is complex and thought to be related to
disrupted immune surveillance, chronic antigenic sti-
mulation, genetic alterations, cytokine dysregulation, and
herpes virus infection.3–5

Although HIV-related lymphomas are almost always of
B-cell origin, they are morphologically diverse. Several
subtypes are similar to lymphomas occurring in immuno-
competent patients, while others preferentially develop in
the context of AIDS. HIV-related lymphomas can be
classified by morphology (as in the WHO classification),
primary site of presentation (i.e., systemic, primary central
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Molecular Basis of Disease

Immunodeficient patients are at an increased risk for
developing lymphoproliferative disorders (LPD), including
lymphomas. The World Health Organization (WHO)
classification recognizes four clinical settings associated
with the development of immunodeficiency-related LPDs:
(1) primary immune disorders, (2) HIV infection, (3) 
iatrogenic immunosuppression following solid organ or 
allogeneic bone marrow transplantation (posttransplant
lymphoproliferative disorder [PTLD]), and (4) methotrex-
ate therapy, usually for an autoimmune disorder.1 These
lesions are highly heterogeneous, largely due to the various
underlying causes of the different immunodeficiencies;
however, they share several features (see Table 34-1).
In most instances, the LPD are related to Epstein-Barr 
virus (EBV or HHV-4) infection, and thus, in situations
where immunocompetence can be reestablished, these
EBV-driven proliferations may regress. However, the 
development of secondary genetic structural alterations in
oncogenes and tumor suppressor genes, not all of which
have been defined, results in transformation to a neoplas-
tic process that is no longer responsive to immune 
modulation.

Immunodeficiency-related LPD are all of either germi-
nal center or postgerminal center cell origin, so they 
have undergone somatic hypermutation (SHM) of the
immunoglobulin variable to joining regions. Recent studies
indicate that the process of SHM often misfires, so a rela-
tively large proportion of these lymphomas (as well as
those arising outside immunodeficiency) have mutations
in the regulatory region of a number of protooncogenes,
including MYC, BCL6, PAX5, PIM1, and RHOH/TTF.2 Thus,
in spite of aggressive therapeutic intervention and either
due to the inability to reestablish normal immune function
or to neoplastic transformation, these lesions may
progress, leading to the patient’s demise.

The morphologic diagnosis of LPD often is difficult. In
some instances the lesions are clearly neoplastic, such as
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nervous system [CNS], body cavity), or both.5,6 The major
categories, with their viral associations and molecular fea-
tures, are detailed in Tables 34-2 to 34-4.

Lymphomas Also Occurring in
Immunocompetent Patients

HIV-related Burkitt lymphomas (BL) include cases 
exhibiting the features of classical BL, those showing plas-
macytoid differentiation, and those exhibiting features of
atypical Burkitt or Burkitt-like lymphoma. Translocation of
MYC into one of the immunoglobulin loci is considered by
some to be a prerequisite for classification of a lymphoma
as BL or atypical BL. The most common translocation is a
t(8;14), involving the MYC and immunoglobulin heavy-
chain (IGH) genes, but in 10% the translocation involves
MYC and one of the light-chain (IGL) genes. It is thought
that this translocation leads to deregulated expression of
the MYC gene. Mutation of the MYC locus also occurs in
Burkitt lymphoma and also may lead to abnormal MYC
expression.

Diffuse large B-cell lymphoma (DLBCL) can be divided
into centroblastic (CB) and immunoblastic (IB) categories.
The IB type is more frequently associated with EBV infec-
tion, and patients with these lymphomas usually have
significant immunosuppression, with low CD4 counts
(median <100 × 106/L), and approximately one third have
been previously diagnosed with an AIDS-defining illness.
This degree of immune dysfunction allows EBV to be the
driving proliferative force, with expression of the onco-
genic but also immunogenic LMP1 and EBNA2 proteins.

Lymphomas Occurring Primarily in 
HIV-Positive Patients

Primary effusion lymphomas (PEL) are characterized by
the presence of Kaposi’s sarcoma–associated herpesvirus
(KSHV or HHV-8) within the tumor cells. PEL are rare
tumors, accounting for only approximately 3% of all HIV-
related NHLs. These neoplasms usually present as an effu-
sion involving one or more of the pleural, peritoneal, and
pericardial spaces. While the majority lack an associated
tissue mass at presentation, in about one third of the cases
dissemination to extracavitary sites occurs. In addition,
KSHV-associated lymphomas can occur as primary solid
tumor masses without an effusion. Some lymphomas first
diagnosed as IB lymphoma have been found to contain
KSHV, with immunophenotypic and molecular features
similar to those of PEL.

Plasmablastic lymphomas, associated with multicentric
Castleman’s disease, occur in HIV-positive patients. While
these plasmablastic lymphomas are KSHV positive, they
differ from PEL in a number of ways. Plasmablastic lym-
phomas are EBV negative, do not contain mutations in the
immunoglobulin genes, and are thought to arise from naive
IgM lambda-expressing B cells rather than terminally dif-
ferentiated B cells. Polymorphic B-cell lymphomas (PTLD-
like) are extremely rare lesions but morphologically
resemble polymorphic PTLD (see PTLD section below).

Table 34-1. Common Features of Lymphoproliferations of
Immunodeficiency

Typically extranodal
Diffuse aggressive histology
B cell lineage
Rapid clinical progression
Often related to Epstein-Barr virus
Hypermutation of immunoglobulin genes and regulatory region

of protooncogenes

Table 34-2. Major Categories of HIV-Associated Lymphomas and
Approximate Frequencies

Lymphomas Also Occurring in Immunocompetent Patients

Burkitt and Burkitt-like lymphoma 30%
Diffuse large B-cell lymphoma

Centroblastic 25%
Immunoblastic 22%

Lymphomas Occurring Primarily in HIV-Positive Patients

Primary effusion lymphoma 3%
KSHV-positive extracavity lymphoma Unknown
Polymorphic B-cell lymphoma (PTLD-like) Rare
Plasmablastic lymphoma of oral cavity Rare
Primary CNS lymphomas 10–15%

Table 34-3. Correlation of Morphology and Viral Infection in
HIV-Related Lymphomas

Virus BL CB IB PEL Poly PCNSL

EBV 25–75% 20–40% 80% 87% 40% 100%
LMP1+ 0% Rare 65% Rare ND 90%
KSHV 0% 0% 15% 100% ND 0%
HIV-1 0% 0% 0% 0% 0% 0%

BL, Burkitt and Burkitt-like lymphoma; CB, centroblastic diffuse
large B-cell lymphoma; IB, immunoblastic diffuse large B-cell lym-
phoma; PEL, primary effusion lymphoma; Poly, polymorphic B-
cell lymphoma (PTLD-like); PCNSL, primary CNS lymphoma;
ND, not determined.

Table 34-4. Correlation of Morphology and Genotype in HIV-
Related Lymphomas

Genetic

Lesion BL CB IB PEL Poly PCNSL

IGH/IGL R >95% >95% >95% >95% 80% >95%
BCL6 R <5% 20% 15% 0% 0% 0%
BCL6 M 50–60% 70% 50% 80% 10% 50%
MYC R >95% 30% 25% Rare 0% 0%
RAS M 23% Rare Rare 0% 0% ND
TP53 M 40–60% 10% 10% Rare 20% ND
BCL1, 0% 0% 0% 0% ND ND

BCL2 R

BL, Burkitt and Burkitt-like lymphoma; CB, centroblastic diffuse
large B-cell lymphoma; IB, immunoblastic diffuse large B-cell lym-
phoma; PEL, primary effusion lymphoma; Poly, polymorphic B-
cell lymphoma (PTLD-like); PCNSL, primary CNS lymphoma; M,
mutations; R, rearrangements; ND, not determined.
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Primary CNS lymphomas differ from systemic DLBCL,
as noted in Tables 34-3 and 34-4, with the majority of cases
exhibiting IB morphology and EBV-positivity. Plasmablas-
tic lymphoma of the oral cavity, a recently described 
distinct entity, has features similar to IB lymphomas, but is
less heterogeneous and polymorphic. Approximately 50%
of cases are associated with EBV infection.

Posttransplantation Lymphoproliferative
Disorders

Posttransplantation lymphoproliferative disorders (PTLD)
develop in the setting of iatrogenic immunosuppression 
following solid organ transplantation (SOT) or allogeneic
bone marrow transplantation (BMT), with some differences
evident (Table 34-5). The incidence of these lesions varies
based on the type of organ transplanted as well as the type
and amount of immunosuppression employed. In these
immunosuppressed patients, morphology does not accu-
rately predict clinical course, making molecular analysis
particularly useful. In some SOT recipients, a lesion may
regress completely following a reduction in immunosup-
pression, while morphologically similar lesion(s) in other
patients may progress despite aggressive clinical interven-
tion, resulting in the patient’s demise. Furthermore, institu-
tion of the correct therapy in patients with PTLD is crucial
since a reduction in immunosuppression can potentially
result in organ loss, while chemotherapy can lead to life-
threatening infection in an already immunosuppressed

individual. Although in some studies specific molecular
events correlate well with biologic aggressiveness of the
lesions, in other studies these findings cannot be confirmed.
It may be that differences in the type of organ transplanted,
the immunosuppressive regimens, as well as host and donor
factors influence the pathogenesis and biologic behavior 
of PTLD. In contrast to SOT PTLD, patients who develop
PTLD following allogeneic BMT usually have an 
aggressive, frequently fatal, clinical course. As with other 
immunodeficiency-related LPDs, the development of PTLD
in both SOT and BMT recipients is highly associated with
EBV infection. Furthermore, the relative incidence of these
lesions is higher in patients who are EBV negative at the
time of transplantation.

PTLD Arising in Solid Organ 
Transplant Recipients

The overall incidence of PTLD after SOT is ~1.5% but
varies from 0.3% to 12.5% depending on the organ trans-
planted and the immunosuppressive regimen, with a
higher incidence in children than adults. Extensive studies
of PTLD occurring in SOT recipients (primarily heart,
kidney, and lung recipients) have shown that most of these
lesions can be separated into three categories based on
morphologic and molecular genetic criteria. These cate-
gories correlate with the biologic behavior of the lesions.
Because of the special clinical setting, that is, iatrogenic
immunosuppression that can be modulated, a unique
classification scheme was originally developed by Nalesnik
et al.,7 to describe the clinical course and outcome of SOT
PTLD patients, and subsequently modified by Knowles,
et al.8 (Table 34-6).

This classification divides cases into three major cate-
gories (Table 34-6). Plasmacytic hyperplasia (PH) lesions
show retention of the overall architecture of the tissue.
Genotypically, these lesions are usually polyclonal based on
IGH rearrangement studies, or have small monoclonal/
oligoclonal populations. The majority of PH cases are EBV
positive and do not contain structural alterations of known
oncogenes or tumor suppressor genes. Furthermore, exam-
ination of EBV antigen expression shows that PH lesions
express LMP1 and in some instances EBNA2, indicating

Table 34-5. Major Differences Between PTLDs in Solid Organ
Transplantation and Allogeneic Bone Marrow Transplantation

Solid Allogeneic Bone
Organ Marrow
Transplantation Transplantation

Usual origin of PTLD Recipient Donor
Course Variable Usually aggressive
Incidence More common Less common

(0.3–12.5%) (~1%)
Prognostic association Yes No

of molecular 
abnormalities,
including
BCL6 mutations

Table 34-6. Solid Organ Posttransplantation Lymphoproliferative Disorders

Category Histopathology Ig Genes EBV Onco/TS Genes Clinical Outcome

Plasmacytic hyperplasia Retention of architecture; Polyclonal Poly-, oligo-, monoclonal None Nonaggressive
plasma cells, lymphocytes Latency II, III

Polymorphic Disruption of architecture; Monoclonal Monoclonal None Nonaggressive
PTLD hetergeneous cell Latency II, III BCL6 Aggressive

population; +/− necrosis,
atypia

Non-Hodgkin lymphoma/ Malignant lymphocytes or Monoclonal Monoclonal Present Aggressive
multiple myeloma plasma cells Latency I

TS, tumor suppressor; Ig, immunoglobulin.
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that they exhibit either the latency types II or III patterns
of EBV gene expression.

The second category is the polymorphic PTLD lesions
that histologically show destruction of the underlying
architecture and are composed of a heterogeneous (poly-
morphic) cell population. At the genetic level these lesions
are monoclonal based both on immunoglobulin studies
and the presence of clonal EBV. Polymorphic PTLD lacks
structural alterations in oncogenes and tumor suppressor
genes except for the presence of BCL6 gene mutations,
which are present in approximately half of the cases
studied.9 Lesions containing the wild-type configuration of
the BCL6 gene regress following a reduction in immuno-
suppression, while those lesions containing BCL6 gene
mutations exhibit more aggressive behavior, requiring 
clinical intervention (Table 34-6). Polymorphic PTLD, like
PH, exhibit the latency types II or III patterns of EBV gene
expression. Type II and III latencies include expression of
the transforming but immunogenic LMP and EBNA viral
proteins, suggesting that reconstitution of an immune
response in the host is more likely to result in elimination
of these infected cells.

The third category is the monomorphic PTLD (malig-
nant lymphoma/multiple myeloma) lesions that are com-
posed of cytologically malignant cells and should be
classified according to the WHO classification. They are
monoclonal based both on IGH rearrangement and EBV
studies. Additionally, they contain structural alterations 
in oncogenes and tumor suppressor genes frequently
involved in lymphomagenesis, such as TP53 and MYC.8 In
contrast to the other SOT PTLD, these lesions often exhibit
the latency type I pattern of EBV gene expression, sug-
gesting that they are less dependent on EBV and that they
may no longer be recognized by the immune system even
after immune reconstitution.

PTLD in Allogeneic Bone Marrow 
Transplant Recipients

PTLD occurring in allogeneic BMT recipients are biologi-
cally distinct from those occurring in SOT recipients. BMT
PTLD are of donor origin, often have an explosive clinical
presentation, and are frequently fatal. Furthermore, BMT
PTLD tend to occur in the first 6 months following trans-
plantation, since the level of anti-EBV cytotoxic T-cell pre-
cursors returns to normal only approximately 6 months
after transplantation. In comparison to SOT PTLD, the inci-
dence of BMT PTLD is relatively low (cumulative incidence
of 1% at 10 years). As with SOT PTLDs, the vast majority of
BMT PTLD cases are associated with EBV infection.

Morphologically, BMT PTLD consists of lesions exhibit-
ing the histologic features of PH and polymorphic PTLD,
as seen in SOT recipients.10 However, none of the PTLD
studied from 27 allogeneic BMT recipients showed the
morphologic features of monomorphic PTLD,11 although
other investigators have identified such lesions.12 Although

morphology correlates with clinical outcome, B-cell clon-
ality status does not correlate with morphology or with
clinical outcome, based on polymerase chain reaction
(PCR) analysis of the early-onset PTLD.11 Specifically, both
patients with monoclonal/oligoclonal PTLD as well as
those with polyclonal PTLD died of PTLD. In contrast 
to SOT PTLD, examination of the BMT PTLD for BCL6
mutations did not identify any correlation of this genetic
alteration with patient outcome.13 All BMT PTLD in 
this study exhibited EBV latency patterns type II or III
(expressed LMP1 with or without EBNA2), indicating that
these lesions are EBV driven.11 The clinical outcome of
BMT PTLD patients is largely related to the number and
competence of EBV-specific cytotoxic T cells rather than to
intrinsic differences in BMT PTLD subtypes.

Indications for Testing

HIV-Related Lymphomas

While many HIV-related lymphomas are obvious high-
grade lesions that rarely need molecular confirmation 
for diagnostic purposes, situations arise when molecular
confirmation of the diagnosis is important. Benign lym-
phadenopathies associated with HIV infection can be dra-
matic, with large hyperplastic follicles composed almost
entirely of mitotically active centroblasts with only rare
centrocytes. Furthermore, these follicles may contain a
small number of B-cell clones.When a needle biopsy is per-
formed, often only fragments of germinal centers are
obtained without architectural references for histologic
evaluation. Without these architectural references, the 
collections of germinal center cells can be confused 
with centroblasts of high-grade lymphoma. In addition,
immunophenotypic analysis may show that the cells are
monotypic. In this setting, analysis of IGH gene rearrange-
ments may be very helpful for diagnosis. This type of clon-
ality analysis also can distinguish a recurrence from a
second independent lymphoma in patients with lymphoma
that responded to therapy.

Molecular testing contributes to the subclassification of
AIDS-related lymphomas. The presence of MYC transloca-
tions is supportive of BL. Accurate diagnosis of BL is par-
ticularly important because the treatment of BL is different
from that of DLBCL and usually requires CNS prophylaxis.
Identification of KSHV is indicative of a primary effusion
lymphoma, or a KSHV-associated (PEL-like) extracavitary
lymphoma. In addition, the finding of certain molecular
markers is indicative of a particular biologic process and
thus is informative. For example, the presence of EBV, and
in particular the EBV gene expression profile, is reflective
of the immune competence of the host, with patients that
are more immunodeficient tend to have lymphomas with a
type III latency pattern. As more biological therapies are
developed, molecular classification will become increas-
ingly important.
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Posttransplantation Lymphoproliferative
Disorders

PTLD are frequently difficult to classify based on mor-
phology alone, and frequently expert hematopathologists
cannot agree on classification. Therefore, a strict molecu-
lar classification would be ideal. Correlation between
molecular alterations and outcome appears to exist for
lesions occurring in SOT recipients14 but not in those
occurring after BMT.13 Assessment of the presence of EBV
is an important first step for the diagnosis of PTLD, since
this virus is present in approximately 95% of cases, and the
pathogenesis and clinical outcome of EBV-negative post-
transplant lymphomas appear to be different.15,16 Study of
clonality (by IGH rearrangement or EBV terminal repeat
analysis) also is important for understanding the nature of
the lesions and confirming a diagnosis of PTLD as opposed
to reactive hyperplasia or rejection (if the infiltrate involves
the allograft). Monoclonal rearrangements are common in
both polymorphic and monomorphic PTLD, and their
presence is sometimes useful in distinguishing these from
PH, which usually shows a polyclonal pattern. Clonality
analysis also is useful to determine whether multiple
lesions are clonally related by having the same size
rearrangement or EBV terminal repeats, which is not
always the case in PTLD patients, who frequently have sep-
arate tumors that represent independent clonal expan-
sions. The presence of structural alterations in oncogenes
(MYC, NRAS) or tumor suppressor genes (TP53), or both,
is usually indicative of a high-grade or monomorphic
lesion. Analysis for mutations in the BCL6 gene also pre-
dicts clinical outcome of PTLD in SOT patients but not in
BMT patients. A model of tumor progression in SOT PTLD
is shown in Figure 34-1.

Quantitative analysis of peripheral blood or serum EBV
in transplant patients is helpful in identifying patients 
at risk for PTLD.17–20 In addition, several recent studies

suggest a correlation between tumor burden and viral
loads, so quantitative EBV testing may be useful in moni-
toring response to therapy once PTLD develops.21–23

Available Assays

For a list of available assays, see Table 34-7.

Clonality

IGH Gene Rearrangement Analysis

IGH gene rearrangement analysis is used to confirm
lineage and clonality. Clonality testing can be performed
for IGH, IGLK or IGLL genes. The most commonly used
method is PCR analysis for the IGH gene using primers for
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Figure 34-1. Model of tumor progression in EBV-positive solid organ
posttransplantation lymphoproliferative disorders (PTLD). An initial step
in the development of PTLD is the polyclonal expansion of EBV-infected
B cells, as a result of either release from immune surveillance of latently
infected cells or de novo infection. This expansion has a histologic
appearance of a plasmacytic hyperplasia (PH). Subsequently, some clones
with unknown selective advantages outgrow others, leading to oligo-
clonal and then monoclonal expansions, which are still responsive to
immune responses if restored. Each individual clone is represented by a
different color of EBV. These lesions have the histologic appearance of a
polymorphic PTLD. However, if genetic alterations in oncogenes or tumor
suppressor genes occur, a truly neoplastic process arises, which may no
longer be responsive to immune surveillance mechanisms. Mutation in
BCL6 (BCL-6) alone does not appear to affect the morphologic features,
but cases with structural alterations in TP53 (p53), NRAS (N-ras), or MYC
(c-myc), or some combination of these, have the histologic appearance
of a monomorphic malignant lymphoma (ML) or, more rarely, a multiple
myeloma/plasmacytoma (MM). (Reprinted from Cesarman E. Epstein-Barr virus

(EBV) and lymphomagenesis. Front Biosci. 2002;7:e58–e65.)

Table 34-7. Tests for Lymphoproliferations of Immunodeficiency

Clonality

Immunoglobulin (IGH, IGLK or IGLL) gene rearrangement 
analysis

T-cell receptor (TCR) gene rearrangements
Epstein-Barr virus (EBV/HHV-4) long-terminal repeat analysis

Viral Associations

Epstein-Barr virus detection or quantitation
Kaposi sarcoma-associated herpesvirus detection

Oncogenes/Tumor Suppressor Genes (MYC, RAS, TP53, BCL6)

Fluorescence in situ hybridization (FISH)
Chromogenic in situ hybridization (CISH)
Southern blot analysis
Single-strand conformation polymorphism (SSCP)
Sequence analysis
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framework 3 (FR3) of the variable region and for the
joining region. Primers that recognize framework 1 or 2 of
the variable region are useful in some instances to exclude
false-negative results. PCR is followed by size fractionation
by gel or capillary electrophoresis. Primers that recognize
rearrangements for the IGLK or IGLL genes also can be
used, although these have higher rates of false-negative
results. The presence of IGH gene rearrangements also can
be determined by Southern blot analysis (SBA), which is
particularly useful for testing lymphoma types derived
from germinal center or postgerminal center B cells, due to
the high false-negative rate seen with PCR as a conse-
quence of somatic hypermutation of the IGH VDJ junction
regions. This high false-negative rate is particularly
common in PTLD, PEL, and some HIV-related IB lym-
phomas. However, SBA is much more labor-intensive than
PCR analysis, has a longer turnaround time, requires fresh
or frozen tissue, and is no longer performed routinely in
most clinical molecular laboratories. Alternative methods
for immunoglobulin clonality assessment are in situ
hybridization, immunohistochemistry, or flow cytometric
analysis for monotypic light-chain expression.

TCR Gene Rearrangement Analysis

While the vast majority of immunodeficiency-associated
lymphomas are of B-cell origin, rare cases with T- or null-
cell phenotype occur, which warrant T-cell receptor (TCR)
gene rearrangement analysis to define cell lineage. The
most common assay is PCR for the TCRG gene rearrange-
ments. See chapter 33 for more detail on these assays.

Clonality by Epstein-Barr Virus Analysis

Clonality of EBV-associated lymphomas can be deter-
mined using SBA for the terminal repeat region of the EBV
genome. Like other herpesviruses, infectious EBV particles
contain a linear double-stranded DNA viral genome that
circularizes upon entry into the cell. The linear viral
genome contains a variable number of tandem ~500 base
pair repeats at each terminus, and upon circularization the
number of tandem repeats is fixed. Circular episomes repli-
cate with each cellular division, maintaining the same
number of repeats in each infected cell. In a polyclonal
population, where EBV independently infected many dif-
ferent cells, a range of repeat sizes will be present. In con-
trast, if all the cells in a population are derived from a
single EBV-infected cell, only one size of terminal repeats
will be present. A Southern blot assay that takes advantage
of this biology was originally developed by Raab-Traub 
and Flynn.24 A restriction enzyme that cuts outside the 
terminal repeat region is used to digest genomic DNA,
followed by gel electrophoresis, transfer to a membrane,
and hybridization with a probe to the terminal repeat

region. A polyclonal population produces a ladder or
smear, and a monoclonal population produces a single
band. While SBA is not done routinely for diagnostic pur-
poses, it can be extremely useful for determination of mon-
oclonality in EBV-associated lymphomas, as it is more
sensitive than SBA for immunoglobulin gene rearrange-
ments because of the presence of multiple copies of the
EBV genome in each infected cell.

Viral Associations

Epstein-Barr Virus

The presence of EBV is most frequently determined by in
situ hybridization (ISH) for EBERs which are abundantly
expressed, small, untranslated RNAs.20 Commercial kits are
available for EBER ISH, which can be performed on rou-
tinely processed, formalin-fixed, paraffin-embedded tissue
sections (Figure 34-2). An alternative or complementary
approach is PCR analysis for the EBV genome. This can be
qualitative or quantitative. Qualitative PCR can be per-
formed for specific regions of the EBV genome that have
strain-specific differences (type 1 or A vs type 2 or B), like
EBNA2 and EBNA3C (Figure 34-2). Although Type 1 EBV
is more transforming in vitro and is almost invariably 
associated with PTLD, AIDS lymphomas can be infected 
by either strain. Quantitative PCR is most frequen-
tly performed using Taqman chemistry or SYBR Green and
melting-curve analysis using DNA from whole blood,
serum, blood mononuclear cells, or cerebrospinal fluid to
monitor EBV viral loads in patients with EBV-associated
lymphomas.19,25 Another useful method is RT-PCR for EBV
gene expression characterization, which can distinguish
among different types of latency.26 This assay, however, is
used more commonly for research than for clinical pur-
poses. Alternatively, the different types of latency can be
distinguished by immunohistochemistry using antibodies
to several different EBV antigens, in particular to LMP1
and EBNA2.

Kaposi Sarcoma–Associated Herpesvirus

The most common method for detecting KSHV infection
is PCR, although antibodies are now available for KSHV
detection by immunohistochemistry. Although different
PCR primers are used by different laboratories, the most
commonly used primer set is called “KS330”and targets the
ORF26 region of the viral genome.27 This primer set was
described with the original identification of KSHV in 1994
and used in most early studies. Another primer set with
high sensitivity and specificity targets the K9 open reading
frame of the KSHV genome.28 While some studies suggest
that quantitative KSHV assays are useful for monitoring
Kaposi’s sarcoma evolution, the utility for monitoring
KSHV-associated lymphomas is still unclear.
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Oncogenes/Tumor Suppressor Genes

Testing for the presence of alterations in MYC, TP53, NRAS,
and BCL6 is relevant for immunodeficiency-associated
lymphomas. Of these, probably the most important and
feasible in a clinical molecular laboratory on a routine 
basis is the detection of MYC translocation using fluores-
cence (FISH) or chromogenic (CISH) in situ hybridization
assays.

Fluorescence In Situ Hybridization

FISH is an excellent method for documenting specific
chromosomal translocations. FISH can be performed using
interphase nuclei or metaphase chromosomes and can be
performed using formalin-fixed, paraffin-embedded tissue
sections. As commercial probes are entering the market,
FISH is being implemented by increasing numbers of
clinical laboratories. In the setting of immunodeficiency
lymphomas, FISH is the best assay to document MYC
translocations when a Burkitt lymphoma is suspected or a
large cell lymphoma has Burkitt-like features. FISH may be
performed either with two different probes, one to MYC
and the other to IGH, or with a single MYC “split apart”
probe (Figure 34-3). The advantage of the second single

MYC probe method is detection of variant translocations
of MYC and the IGLK or IGLL genes.

Chromogenic In Situ Hybridization (CISH)

CISH is very similar to FISH, except the probes are labeled
with two different chromogenic substrates, so their 
evaluation does not require a fluorescent microscope and
the slides provide a permanent record of the assay. While
somewhat less sensitive than FISH, commercial CISH
probes to detect the MYC-IGH translocation are available,
and are being used successfully in clinical laboratories.
CISH may soon become standard of care for diagnosis of
BL or atypical BL when histologic features are suggestive
of this disease.

Southern Blot Analysis

SBA can be used to document translocations involving the
MYC and BCL6 genes, but as mentioned above it is labor-
intensive and time-consuming, has long turnaround times,
and requires fresh or frozen tissue. Thus, this technique is
used primarily for research applications. A comparison of
CISH and Southern blot for the MYC-IGH translocation is
shown in Figure 34-3.
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Figure 34-2. Detection of Epstein-Barr virus. (a) In situ hybridization for EBER is posi-
tive in an AIDS-related immunoblastic lymphoma. Numerous large cells with black stain-
ing can be seen. (b) PCR analysis for the presence of EBV using primers for the EBNA3C
region, which distinguishes type 1 and 2 (also called A and B) EBV in a panel of AIDS lym-
phomas. Type 1 isolates show a PCR band of 153 base pairs (bp; lower arrow), and type
B isolates result in a band of 246 bp (upper arrow). Lanes 1 through 12 represent differ-
ent AIDS-related lymphomas. Cases 1 and 7 were negative for EBV, and all other cases
were positive. In AIDS lymphomas, both strains are common, while in PTLD, EBV type 1

is involved in the vast majority of cases. NC is a negative (uninfected) control, and PC is
a positive control for Type 2 EBV. (c) EBV Southern blot showing genomic DNA digested
with BamH I, followed by electrophoresis, transfer and hybridization with a radiolabeled
probe for the terminal repeat region of EBV. C represents the EBV negative cell line, HL-
60. Lanes 1 through 5 are analysis of five cases of PTLD showing monoclonal rearrange-
ments for EBV (arrowheads). Case two has two distinct bands, indicating two different
EBV-positive clonal populations.
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Single-Strand Conformation 
Polymorphism Analysis

Single-strand conformation polymorphism analysis
(SSCP) is a useful assay to screen for point mutations of
RAS and TP53, although it is not used routinely in clinical
laboratories due to the complexity of the assay. The proce-
dure should be carefully validated and the sensitivity of the
assay determined to allow for adequate interpretation of
results.

Sequence Analysis

DNA sequencing is the ultimate confirmation of point
mutations and small deletions or insertions in relevant
genes. Sequence analysis can be performed by direct
sequencing of PCR products of the target region, or by
cloning the PCR products into a plasmid vector followed
by sequencing of multiple independent clones. Direct
sequencing is the easiest, but it can be done only when the
tissue is composed almost entirely of a pure tumor popu-
lation, as the mutation may be masked by infiltrating reac-
tive cells in addition to the normal allele of the gene of
interest. Therefore, mutations of TP53 are likely to be
identifiable using direct sequencing on an AIDS-related BL,
where the majority of the cells are neoplastic and one TP53
allele is likely to be deleted. In contrast, BCL6 mutations in

PTLD are unlikely to be identifiable by sequencing. An
alternative approach that can be used in a mixed cell pop-
ulation is PCR followed by cloning into plasmid vectors
and sequencing of multiple clones. A mutant allele will
consistently show up in a proportion of the clones, while
the normal allele from tumor cells and normal infiltrating
cells will represent the remainder of the sequenced clones.
Of note, because DNA polymerases used in the PCR are
prone to errors, the identical alteration has to be present in
multiple clones to be scored as positive.

Interpretation of Results

Immunoglobulin Gene Rearrangement Analysis

IGH gene rearrangement is most frequently determined 
by PCR analysis, which has a high rate of both false-
positive and false-negative results in the context of
immunodeficiency-related lymphomas. In the setting of
SOT, monoclonal populations are identified by PCR but not
by SBA in the low-grade or early lesions (PH) that fre-
quently regress following a reduction of immunosuppres-
sion. Similarly, in AIDS-related lymphadenopathies,
monoclonal populations can be identified by PCR but
usually not by SBA. These PCR-positive but SBA–negative
results are probably due to strong antigenic stimuli from
infectious agents such as EBV, giving rise to small mono-
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Figure 34-3. Detection of MYC translocations. (a) FISH analysis of Burkitt lymphoma
cells demonstrating the MYC-IGH fusion signals observed in a case positive for t(8;14).
IGH is labeled with Spectrum Green and MYC is labeled with Spectrum Orange. Two
fusion signals show the reciprocal translocation. Single red and green signals correspond
to the wild-type allele of MYC on chromosome 8 and IGH on chromosome 14. (Image
provided by Dr. Susan Mathew, Weill Medical College of Cornell University.) 

(b) Southern blot analysis using a MYC probe in four cases of AIDS-related lymphoma.
Cases 1 and 2 show a single band, corresponding to the germline configuration, and
cases 3 and 4 have a MYC translocation, as indicated by a smaller second band. DNA was
digested with Hind III, and after electrophoresis and transfer, was hybridized to a radio-
labeled probe corresponding to the third exon of the MYC gene.
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clonal expansions that are identified by the more-sensitive
PCR assay. False-negative results also are common, since
many posttransplantation and AIDS-related lymphomas
are of postgerminal center B-cell origin, where extensive
somatic hypermutation of the IGH VDJ region has
occurred. These mutations may be in the primer recogni-
tion site, precluding primer annealing and PCR amplifi-
cation. SBA is sometimes helpful in eliminating false-
negative and false-positive results but is impractical in a
clinical molecular laboratory setting. SBA also can give
false-negative results when the tumor cells comprise less
than 1% to 5% of the population in the tissue being ana-
lyzed. It has been suggested that a significant proportion of
AIDS lymphomas are polyclonal. By combining SBA and
PCR, including analysis of IGLK and IGLL genes and EBV
clonality, monoclonal populations can be documented in
practically every case of histologically confirmed AIDS-
related lymphoma. However, in the absence of such exten-
sive analysis, the inability to demonstrate a monoclonal
population should never be taken as an absolute criterion
against the diagnosis of lymphoma. Similarly, the presence
of a monoclonal population by PCR should not be consid-
ered diagnostic of lymphoma. Either a positive or a nega-
tive result should be correlated with clinical and pathologic
information to establish the final diagnosis.

Viral Associations

PCR can be used for the identification of a virus in a spec-
imen. However, a positive PCR can be seen from the pres-
ence of a given virus either in the tumor cells or in the
infiltrating reactive cells in a latently infected individual.
Thus, a positive PCR result does not necessarily indicate
that the tumor cells contain a specific virus. This problem
is more common for EBV than for KSHV, since latent EBV
infection is ubiquitous, while latent KSHV infection is
not.29 Assays that are quantitative or semiquantitative can
distinguish virus in tumor cells from infiltrating cells,
where the viral copy number would be at least as high as
the number of tumor cells. Infiltrating benign lymphocytes
would correspond to a very small proportion of the total
cell population unless active viral infection is present (such
as infectious mononucleosis). Alternatively, for EBV, ISH
for EBER can be used to confirm the presence of EBV in
the tumor cells. For KSHV, the best approach for
confirmation of a positive PCR result is immunohisto-
chemistry with monoclonal antibodies for ORF73, which
encodes the latency-associated nuclear antigen (LANA or
LNA).

Oncogenes and Tumor Suppressor Genes

As each technique for analysis of oncogenes and tumor
suppressor genes has its own advantages and disa-
dvantages, the individual using this information for

classification, diagnostic purposes, or both should be
familiar with the method used, the laboratory performing
the assays, and specific caveats for the given procedure. It
is always recommended that the information be correlated
with clinical and pathologic information for the proper
interpretation of a particular result.

Laboratory Issues

The most important laboratory issue of concern, particu-
larly with respect to PCR analysis, is the avoidance of
contamination. When performing PCR for EBV or KSHV
repeatedly, it is essential to use extreme care in separating
the PCR products from the reagents and specimens. When
using ultrasensitive techniques, such as nested PCR, the
potential for contamination is intensified. Complete sepa-
ration of pre- and post-PCR steps should be maintained.
Cross contamination among patient samples and controls
should be avoided. PCR primers for specific assays tend to
differ among various laboratories, such that each labora-
tory validates and sets normal ranges for the assay.

An issue that is specific to AIDS-related lymphomas is
the concern of working with HIV-infected tissues. While
the lymphoma cells do not carry the HIV genome, the
tissue may have infected T cells or macrophages. If DNA is
being extracted from formalin-fixed, paraffin-embedded
tissues, infectious HIV is not a concern, as any viral parti-
cles would have been inactivated. However, when extract-
ing nucleic acids from fresh and frozen tissues, extreme
care should be taken and the individual doing the extrac-
tion should be informed of the risks and be properly
trained. Nucleic acid extraction from fresh or frozen tissue
should be done at a BSL-2 biosafety level, which essentially
requires the procedure to be done in a laminar flow hood
and for the technologist to wear gloves and a laboratory
coat. Since blood-borne pathogen exposure is a risk when
working with any tissue, and HIV status is frequently
unknown, the use of gloves and a lab coat are required 
for every extraction involving fresh or frozen tissues 
(universal precautions).

A specific difficulty for performing some of the onco-
gene and virus detection assays is obtaining good positive
controls. For MYC translocations, any Burkitt lymphoma
cell line can be used, and many are available from the
American Type Culture Collection (ATCC). For BCL6
mutations, controls are more difficult to obtain, as SSCP
involves amplification of separate but overlapping regions,
with different controls required for each region. Thus, con-
trols will vary with the amplification fragment established
by the individual laboratory. Several diffuse large B-cell
lymphoma lines have BCL6 mutations, or patient speci-
mens with BCL6 mutations can be used as controls. For
virus detection, several EBV-positive lymphomas and lym-
phoblastoid cell lines, as well as KSHV-positive primary
effusion lymphomas, are available from the ATCC and the
AIDS and Cancer Specimen Bank (ACSB) repositories. PEL
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cell lines are available through ATCC that contain both EBV
and KSHV, which can be used as a positive control for 
multiple assays.
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Chapter 35
Myeloproliferative Disorders and 
Myelodysplastic Syndromes
Jo-Anne Vergilio and Adam Bagg

cell with resultant expanding myelopoiesis that character-
istically evolves through three phases when untreated: (1)
a chronic phase of 4 to 5 years’ duration manifest by
myeloid hyperplasia with circulating granulocytes that are
present in all stages of maturation; (2) an accelerated phase
of shorter duration during which myeloid elements begin
to lose the ability to differentiate; and (3) inevitably, a blast
phase of acute leukemia of myeloid (70%) or lymphoid
(30%) phenotype.

The reciprocal t(9;22)(q34;q11) translocation is
identified as the initial transforming event in the develop-
ment of CML, although some data suggest that it may be
preceded by clonal hematopoiesis. The translocation yields
a shortened chromosome 22 called the Philadelphia chro-
mosome (Ph)2 (Figure 35-1). With the translocation, two
distinct genes are fused: (1) BCR that encodes a cytoplas-
mic protein of uncertain function but with oligomeriza-
tion, serine-threonine kinase, and GTPase-activating
domains, and (2) ABL1 that encodes a nonreceptor tyro-
sine kinase normally localized to the nucleus.3 The result-
ant chimeric gene and fusion transcript yield a fusion
protein with constitutively increased tyrosine kinase activ-
ity that is relocated from the nucleus to the cytoplasm and
phosphorylates a variety of cellular substrates. The result
is growth factor–independent proliferation, decreased
apoptosis, and defective adhesion in the transformed cells.

The t(9;22) translocation can involve several different
breakpoints in the BCR and ABL1 genes, resulting in dif-
ferent chimeric fusion proteins that confer somewhat
specific clinicopathologic features and highlight the fact
that this translocation is not pathognomonic for CML4

(Figure 35-2). These breakpoints are indistinguishable by
traditional karyotyping and can be differentiated only
using molecular techniques. For all fusions, most of ABL1
is juxtaposed to variable 5′ portions of BCR. Whereas the
breakpoint involving ABL1 is relatively conserved, usually
arising in the intron before exon 2 (a2), the breakpoints
involving BCR are more variable.

BCR breakpoints arising in the major breakpoint cluster
region (M-bcr) occur after either exon 13 (e13 or b2) or exon
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The myeloproliferative disorders (MPD) and myelodysplas-
tic syndromes (MDS) encompass a pathologically and clin-
ically heterogeneous group of hematologic entities that are
united by their putative origin from pluripotent hematopoi-
etic stem cells. The World Health Organization classifies
these entities into three broad categories: (1) the chronic
myeloproliferative diseases, (2) the myelodysplastic syn-
dromes,and (3) the myelodysplastic/myeloproliferative dis-
eases1 (see Table 35-1). Though all are true hematopoietic
stem cell disorders characteristically associated with bone
marrow hyperplasia, they are divergent in that MPD typi-
cally are associated with effective hematopoiesis,while MDS
are associated with ineffective hematopoiesis, reflected by
high or low peripheral blood counts, respectively.

Of the 17 discrete diseases currently recognized, the
molecular pathogenesis of chronic myelogenous leukemia
(CML) is best understood and ultimately has resulted in
the development and application of targeted molecular
therapy. As a result, molecular techniques play an integral
and well-established role in the diagnosis of CML, in the
determination of therapeutic response and efficacy, and in
the detection of minimal residual disease. Consequently,
most of this chapter focuses on the role of molecular
pathology in the laboratory assessment of CML. However,
the molecular pathogenesis of some of the other MPDs has
recently been elucidated, with the potential for the devel-
opment of clinically useful molecular tests. By contrast, the
molecular underpinnings of MDS have not yet been as well
delineated; nonetheless, molecular pathology testing has
emerging utility in the diagnosis and assessment of these
disorders and also is discussed briefly.

CHRONIC MYELOGENOUS LEUKEMIA

Molecular Basis of Disease

CML comprises ∼20% of all leukemias and is diagnosed at
a median age of approximately 50 years. The disease orig-
inates from the transformation of a hematopoietic stem
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result in a smaller (p190) fusion protein with enhanced
transforming potential, are rarely present in CML. The m-
bcr breakpoints and fusion transcripts are present in ∼60%
of adult and ∼90% of pediatric patients with t(9;22)-
positive precursor B-ALL.5

Overall, the presence of t(9;22) is quite common in adult
patients with ALL (∼25% ALL) but relatively less common
in pediatric patients (∼5% ALL). Infrequently, an extreme
3′ breakpoint occurs beyond exon 19 (e19) of BCR in the
designated micro region (µ-bcr), resulting in a larger
(p230) fusion protein characteristically associated with
neutrophilic CML, in which mature granulocytes predom-
inate, as well as in chronic neutrophilic leukemia (CNL),
although recent data indicate a less well-substantiated
association with the latter.6,7 The Philadelphia chromo-
some also has been detected in rare cases of de novo acute
myeloblastic leukemia and T-cell ALL.

The occurrence of additional specific cytogenetic and
molecular genetic events subsequent to the initial t(9;22)
translocation heralds disease progression prior to hemato-
logic or clinical manifestations or both. The acquisition 
of such cytogenetic abnormalities as a second Philadel-
phia chromosome (Ph+), isochromosome 17q, trisomy 8,
trisomy 19, and others commonly indicates an impending
blast crisis.8,9 Other molecular abnormalities associated
with disease progression include overexpression of BCR-
ABL1, upregulation of EVI1 gene expression, mutations in
tumor suppressor genes such as P16, TP53, CDKN2A, and
RB1, and aberrant DNA methylation of the translocated
ABL1 allele and of the calcitonin gene.10 The presence 
of a derivative chromosome 9 deletion in addition to the
t(9;22) translocation may serve as an independent prog-
nostic factor predicting a rapid progression to blast crisis
with a worse response to therapy and, hence, a shortened 
survival.11

Table 35-1. The World Health Organization Classification of
MPD and MDS

Chronic Myeloproliferative Diseases

Chronic myelogenous leukemia
Chronic neutrophilic leukemia
Chronic eosinophilic leukemia/hypereosinophilic syndrome
Polycythemia vera
Chronic idiopathic myelofibrosis
Essential thrombocythemia
Chronic myeloproliferative disease, unclassifiable

Myelodysplastic Syndromes

Refractory anemia
Refractory anemia with ringed sideroblasts
Refractory cytopenia with multilineage dysplasia
Refractory anemia with excess blasts
Myelodysplastic syndrome, unclassifiable
Myelodysplastic syndrome associated with isolated del(5q) 

chromosome abnormality

Myelodysplastic/Myeloproliferative Diseases

Chronic myelomonocytic leukemia
Atypical chronic myelogenous leukemia
Juvenile myelomonocytic leukemia
Myelodysplastic/myeloproliferative diseases, unclassifiable

Normal t(9;22) Translocation Normal

BCR- ABL1

ABL1- BCRq34

9

9q+

ABL1

q11

22q-

22

BCR

Figure 35-1. Schematic representation of the reciprocal
t(9;22)(q34;q11) translocation with the disruption and fusion of ABL1
from the long arm of chromosome 9 with BCR on the long arm of chro-
mosome 22. The resultant 22q− is the Philadelphia chromosome and
contains the BCR-ABL1 fusion gene, while chromosome 9q+ contains
the reciprocal ABL1-BCR fusion gene that apparently lacks biologic
function, but which is expressed in approximately 60% of patients with
CML.

14 (e14 or b3). Fusion transcripts involving the M-bcr
encode a p210 fusion protein and are present in the vast
majority (∼99%) of patients with CML as well as in ∼40% of
adult and ∼10% of pediatric patients with t(9;22)-positive
precursor B-cell acute lymphoblastic leukemia (ALL).5

In contrast, breakpoints in the minor breakpoint cluster
region (m-bcr) are more 5′ in location, occurring after exon
1 (e1). Breakpoints involving the m-bcr, which ultimately
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Indications for Testing

There are two broad scenarios in which molecular testing
is indicated in CML, at diagnosis and for monitoring
during and following therapy.

Initial Diagnosis

Cytogenetics serves to identify the presence of the t(9;22)
translocation in only approximately 95% of cases of CML

but can identify the presence of other chromosomal abnor-
malities. In one half of the patients with a normal kary-
otype, the BCR-ABL1 fusion transcript is detectable at the
molecular level. This discrepancy is due to a submicro-
scopic genetic fusion. Therefore, in those patients with a
normal karyotype, who have the clinical and hematologi-
cal profile of CML, molecular testing serves a primary role
in CML diagnosis. In the remaining patients, who are neg-
ative for both the Philadelphia chromosome and the BCR-
ABL1 fusion transcript, alternative diagnoses such as
atypical CML or chronic myelomonocytic leukemia should
be considered (Figure 35-3).

ABL1BCR

a

b

Hematologic
phenotype

Protein

p190

p210

p230

ALL

CNL

CML

CML
Phenotype

‘’CML” with
— Monocytosis
— Lack of basophils
— Higher white cell
       count
— More blasts

‘’CML” with
— Thrombocytosis
— More granulocytic
       differentiation

CML—prototypic

c

DNA

BCR (22q11)

ABL1 (9q34)

e1 b2 b3 c3 c4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

µ-bcrM-bcrm-bcr
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~200 kb

Breakpoint

RNA

Fusion

m-bcr
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µ-bcr

BCRe13

BCRe13

BCRe19

ABL1e3
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ABL1e3

ABL1e3
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12 13

18 19 2 3
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Figure 35-2. Schematic representation of (a) the BCR and ABL1 genes demonstrating the primary breakpoint cluster regions (bcr), (b) the RNA/cDNA structure of the most common
chimeric transcripts and the primers used for their RT-PCR amplification, and (c) the resultant oncoproteins with their specific clinicopathologic correlates. See text for details. The asso-
ciation of the p230 with CNL has been questioned, with this being more a feature of “neutrophilic CML.” ALL, acute lymphoblastic leukemia; CML, chronic myelogenous leukemia; CNL,
chronic neutrophilic leukemia. (Modified, with permission, from Vergilio JA and Bagg A. Chronic myeloid leukaemia—Molecular diagnosis and monitoring. In: Encyclopedia of Medical
Genomics and Proteomics (EMGP). Jürgen Fuchs and Maurizio Podda, (eds.) Marcel Dekker 2005:252–258 and Bagg A. Chronic myeloid leukemia: A minimalistic veiw of post-
therapeutic monitoring. Journal of Molecular Diagnosis 2002;4:1–10.
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Molecular testing serves to document the presence of
BCR-ABL1 fusion transcripts at diagnosis, both for the
rational use of targeted therapy (imatinib mesylate and
newer agents) and for subsequent molecular monitoring.
Indeed, once the initial diagnosis of CML is established,
periodic monitoring of both the therapeutic response and
the level of residual disease becomes critical to evaluation
and therapeutic decision-making.

Monitoring

Following therapy, disease response is assessed using three
parameters: hematologic, cytogenetic, and molecular
status. Hematologic remission is achieved when the blood
counts and spleen size have normalized. Cytogenetic
response is quantified and graded based on the percentage
of residual Ph-positive cells, with a major complete
response defined as 0% Ph-positive cells, a major-partial
response as 1% to 34% Ph-positive cells, a minor response
as 35% to 94% Ph-positive cells, and no response as ≥95%

Ph-positive cells.12 Traditionally, the cytogenetic response
serves as the “gold standard” for assessment and is an
important predictor of patient survival.

Once conventional hematologic remission and cytoge-
netic complete response have been achieved, monitoring
relies on more-sensitive molecular techniques. When the
BCR-ABL1 fusion transcript is no longer detectable, molec-
ular remission has been attained. However, a widely
accepted definition of molecular remission does not yet
exist, and its designation varies with test method and 
sensitivity. Nonetheless, a single negative or positive qual-
itative reverse transcription–polymerase chain reaction
(RT-PCR) result is, in itself, of little clinical predictive value,
since such assays may lack precision, depending on the
sensitivity of the specific test. In contrast, serial quantita-
tive tests that assess the kinetics of tumor clearance
(response) or reappearance (relapse) have greater predic-
tive value. Rising levels of BCR-ABL1 messenger RNA
(mRNA) have been shown to precede disease recurrence
and may signal a need for therapeutic intervention, while
low, diminishing, or stable fusion transcript levels identify
patients in whom treatment has been effective.

A rational understanding of laboratory monitoring is
predicated on an appreciation of therapeutic goals and
options. Indeed, eradication of the neoplastic clone cannot
always be achieved, in which case therapeutic intent
focuses on tumor control with an attempt to forestall
disease progression. Standard treatments available to
patients in the chronic phase of CML include allogeneic
stem cell transplantation (ASCT), imatinib mesylate, inter-
feron-α, and hydroxyurea (Table 35-2), with imatinib
mesylate having become the new gold standard for initial
therapy.13,20

Molecular Monitoring in ASCT

Notwithstanding the recent excitement regarding imatinib
mesylate, ASCT is the only proven curative therapy for
CML, with cure rates of 70% to 80% in young (age <40
years), chronic-phase patients that have HLA-matched
donors and undergo transplantation within 1 year of diag-

Cytogenetics

~95% Positive

~5% Negative

~2.5% NegativeNot CML

? CML

CML

~2.5% Positive

Molecular testing

Figure 35-3. Broad diagnostic algorithm for the utilization of cytogenetic and molec-
ular testing in the initial diagnosis of CML, highlighting the complementary roles of these
technologies. Even if cytogenetic analysis is positive, molecular testing is required to
determine the molecular target for therapy and monitoring.

Table 35-2. Responses to Treatment for Early Chronic-Phase CML

Therapeutic Response (% patients)

Cytogenetic Molecular

Standard Therapies Hematologic (complete) Major Complete Major Complete Cure

ASCT ∼75 ∼75 ∼75 ∼75 ∼75 ∼75
Chemotherapy ∼35 <1 <1 <1 <1 <1
Interferon-α ∼80 ∼30 ∼15 <5–25 <5 <1
Imatinib mesylate ∼95 ∼85 ∼75 ∼50 <5 <1

Data summarized and averaged from a variety of studies.13,14–18,19

With regard to molecular testing, only in ASCT is the endpoint complete molecular remission, while for interferon-α and imatinib mesylate,
the goal is a response, with complete molecular remission rarely attained. However, reports of molecular responses vary widely with differ-
ent definitions and test methods, with some studies16 reporting a complete molecular response rate of up to 28%.
Major molecular response is currently best defined as a ≥3 log reduction in % BCR-ABL/ABL.
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nosis.13,20 Despite the curative success of ASCT, the associ-
ated morbidity and mortality are significant; furthermore,
the majority (∼65%) of young patients do not have a suit-
ably matched donor, while older patients are often subop-
timal candidates for transplantation.

After transplantation, molecular testing serves two func-
tions, first to document remission and then to monitor for
disease relapse. Molecular monitoring for relapse permits
early disease detection (prior to hematologic or cytoge-
netic manifestations), when the tumor burden is low and
presumably more amenable to treatment. At molecular
relapse, therapeutic options include the withdrawal of
immunosuppressive agents, the administration of donor
lymphocyte infusions (DLI), or both, with an increased
likelihood of response achieved when DLI are adminis-
tered prior to overt hematologic relapse.21

Molecular Monitoring in Other 
Therapeutic Settings

For patients who are not suitable candidates for ASCT,
alternative therapies have historically included hydroxy-
urea and interferon-α; however, these agents have largely
been supplanted by imatinib mesylate (or Gleevec, STI571),
a synthetic tyrosine kinase inhibitor.22 Imatinib mesylate is
one of the first examples of molecular-targeted drug
therapy and has shown activity in all phases of CML, with
substantial responses in newly diagnosed patients in
chronic phase.14–17 Thus far, imatinib has shown improved
hematologic and cytogenetic responses, as well as a pro-
longed freedom from disease progression when compared
to more traditional therapies. In an ongoing randomized
Phase III trial (IRIS), the observed rate of complete cytoge-
netic remission in newly diagnosed CML patients was 76%
with imatinib versus 15% with interferon-α plus Ara-C
(median follow-up, 18 months). In addition to its apparent
clinical superiority, imatinib also is tolerated well, a thera-
peutic aspect that is in marked contrast to interferon-α,with
its numerous prohibitive toxicities. Unlike imatinib and
interferon-α, hydroxyurea successfully lowers the periph-
eral leukocyte count but neither induces a cytogenetic
response nor delays disease progression,thereby limiting its
role in current therapy.

Although long-term outcome data are not yet available,
imatinib has emerged as the primary therapy of choice for
newly diagnosed CML, though it is probably still not cur-
ative since the BCR-ABL1 fusion transcript typically per-
sists at low levels. Persistence of molecular disease without
relapse suggests attainment of a “dormant” state that may
be induced and regulated by various mechanisms, includ-
ing immune surveillance and impaired proliferation, that
confer clonal quiescence. Recent reports suggest that high
doses of imatinib (800 mg vs 400 mg) may indeed induce
molecular remission in up to 28% of patients.18

Therapeutic resistance to imatinib has been docu-
mented in some patients, particularly in those with more

advanced stages of disease. Mechanisms of resistance
include (1) amplification of the BCR-ABL1 chimeric gene
at the genomic or transcript level, (2) point mutations in
the kinase domain of BCR-ABL1 that alter its responsive-
ness to imatinib, and (3) overexpression of multidrug
resistance P-glycoprotein that transports imatinib from
cells.23 Monitoring of the fusion transcript levels in this 
scenario allows for the early recognition of therapeutic
resistance with as little as a two-fold increase predictive of
resistance,24 which might prompt the implementation of
alternative treatment strategies. Future molecular testing
might be directed toward detection of resistance, for
example, by screening for gene-specific point mutations.

Molecular techniques, therefore, encompass many
aspects of laboratory testing that are critical to the overall
evaluation of patients with CML and contribute to the diag-
nosis, assessment of therapeutic efficacy, and evaluation of
minimal residual disease in these patients. The clinical
context of the patient and the specific treatment modality
determine the specific tests that are appropriate, and 
algorithms have been proposed to effectively and economi-
cally guide both laboratory diagnosis and monitoring25,26

(Figures 35-4a and b). These algorithms appropriately
incorporate various test methods including cytogenetic
and fluorescence in situ hybridization (FISH) analysis in
addition to molecular techniques. Though this chapter
focuses on molecular methodologies, particularly qualita-
tive and quantitative RT-PCR, it is necessary to recognize
the distinct, yet complementary, role that each method
plays.

Available Assays

Molecular testing for CML can be directed at the chimeric
gene (e.g., genomic PCR, Southern blot), the fusion mRNA
transcript (e.g., RT-PCR, northern blot), or the oncopro-
tein (e.g., Western blot). Given the widely dispersed
intronic breakpoints in CML, genomic DNA is not
amenable to routine PCR analysis; furthermore, Southern
and northern analyses require relatively large amounts of
high-molecular-weight DNA or RNA, typically entail the
use of radioactivity, and are labor-intensive and have
extended turnaround times. Protein-based analysis lacks
sensitivity, a feature that ultimately limits its utility. RT-
PCR is, therefore, the preferred testing method for evalua-
tion and may be either qualitative or quantitative.

Qualitative RT-PCR

Qualitative RT-PCR has several attributes that make it well
suited for initial diagnosis. Bone marrow aspirate and
peripheral blood are both suitable and comparable speci-
mens,27 obviating the need for frequent invasive proce-
dures, while sensitivity and rapid turnaround facilitate
initiation of therapy.
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Methodologically, qualitative RT-PCR can be performed
with a simple, nested, or multiplex approach. However,
nested methods are suboptimal due to a significant risk of
PCR contamination and consequent false-positive results.
With nonnested, simplex RT-PCR, one assay is performed
using a single pair of primers. Primers for BCR exon 13
(b2) and ABL1 exon 2 (a2) identify both the e13a2 (b2a2)
and e14a2 (b3a2) fusion transcripts that differ in size by 75
base pairs (bp) (Figure 35-5a, lanes 1 and 6, respectively).
Using PCR primers to these regions allows for the molec-
ular detection of CML in nearly all cases (∼99%); however,
variant breakpoints occur. When variant breakpoints fall
outside of the region recognized by the primers, a false-
negative RT-PCR result occurs, whereas if the variant
breakpoints fall within the primer region, an RT-PCR
product of unexpected size results. Variant breakpoints are
diverse and often complex and cannot be globally assessed
with any one pair of PCR primers; however, they are quite
rare and are thus not a major cause of false-negative
results. The incorporation of an ABL1 exon 3 (a3) primer
in place of an exon 2 primer permits the routine detection
of rare ABL1 intron 3 breakpoints and has been recom-

mended by some for routine evaluation.28 However, there
have been fewer than ten patients with CML reported with
this variant breakpoint, which is similarly rare in ALL.

Multiple fusion transcripts may be detectable with a
single BCR intron 14 breakpoint due to alternative splicing
of the primary transcript. With this breakpoint, the result-
ant chimeric gene is always directly transcribed to produce
the e14a2 (b3a2) transcript as described above; however,
concomitant alternative splicing may yield an accompany-
ing e13a2 (b2a2) (Figure 35-5a, lane 2) and even an e1a2
(Figure 35-5a and b, lane 6) transcript.29,30 e1a2 alternative
transcripts may also be seen with breakpoints following 
e13 (b2). Identification of the e1a2 transcript requires a sep-
arate BCR primer targeting BCR exon 1 (e1) (Figure 35-5b,
lane 6). Although the e1a2 primer set usually is not essential
for the diagnosis of CML, some studies suggest that the 
presence of this alternatively spliced transcript is associated
with a poor prognosis and transformation to accelerated
phase.8

In the diagnostic setting, qualitative RT-PCR serves
several functions. The presence or absence of BCR-ABL1
transcripts distinguishes CML from leukemoid reactions
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or other myeloproliferative disorders.A positive qualitative
result is critical for the diagnosis of CML, particularly in
those patients lacking the Philadelphia chromosome on
routine karyotypic analysis. The presence of BCR-ABL1
transcripts validates the implementation of targeted ther-
apy with imatinib mesylate, while identification of the type
of fusion transcript that is specific to the neoplastic clone
is important for subsequent monitoring. Although the
majority of patients with CML possess the e13a2 (b2a2) or
e14a2 (b3a2) transcript, identification of the e1a2 or e19a2
forms may explain unusual hematologic phenotypes
(Figure 35-2c).

Thus, detection of the most common BCR breakpoints
(e1, e13, and e14) and the common (a2) as well as variant
(a3) breakpoints involving ABL1 can be accomplished 
with two parallel conventional RT-PCR assays that use
BCR-exon 1/ABL1-exon 3 and BCR-exon 13/ABL1-exon 3
primers. An independent RT-PCR assay for an unrelated
mRNA (e.g., B2M, GAPDH, BCR, or ABL1) is also necessary
as a quality control to assess the integrity of the RNA 
and the presence of RT-PCR inhibitors (Figure 35-5c).
These three reactions may be multiplexed to allow for the
simultaneous detection of the various transcripts, but 
multiplexing may reduce the sensitivity of the individual
reactions. While reduced sensitivity is not relevant for

diagnostic testing, it is very relevant for monitoring resid-
ual disease.

In addition to its role at diagnosis, qualitative RT-PCR
had been the mainstay of minimal residual disease assess-
ment. As noted, however, a single positive (or negative)
qualitative result is of little clinical predictive value. Con-
sequently, quantitative RT-PCR has emerged as a preferred
modality for posttherapeutic monitoring and has further
refined the prognostic significance of standard qualitative
results.

Quantitative RT-PCR

Technologically, quantitative RT-PCR has evolved from the
initial use of competitive and limiting dilution RT-PCR
methods to real-time RT-PCR methods.Competitive RT-PCR
is labor-intensive, technically demanding, time-consuming
and lacks standardization.Therefore,real-time RT-PCR is the
most common method currently used (see chapter 2).

Real-time RT-PCR affords sensitive, rapid, and repro-
ducible quantification of the BCR-ABL1 fusion transcripts. A
closed-tube system is employed, which eliminates the need
for post-PCR processing and minimizes the potential for con-
tamination while simultaneously decreasing testing time.
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Figure 35-5. Conventional qualitative RT-PCR for detection of the most
common BCR-ABL1 fusion transcripts using gel electrophoresis. (a) BCR
exon 13 (b2) and ABL1 exon 2 (a2) primers. (b) BCR exon 1 (e1) and ABL1
exon 2 (a2) primers. (c) β2-microglobulin primers. Lanes: (1) BCR intron
13 breakpoint, (2) BCR intron 14 breakpoint with alternative splicing to
BCR exon 13, (3) possibly novel breakpoint or nonspecific band, (4) BCR
intron 13 breakpoint, (5) BCR intron 13 breakpoint, (6) BCR intron 14
breakpoint with alternative splicing to BCR exon 1. See text for details.
(Used with permission from Vergilio JA and Bagg A. Chronic myeloid
leukaemia—Molecular diagnosis and monitoring. In: Encyclopedia of
Medical Genomics and Proteomics (EMGP). Jürgen Fuchs and Maurizio
Podda, (eds.) Marcel Dekker, 2005:252–258.)
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Although the sensitivity of real-time RT-PCR methods is
somewhat less than conventional or nested RT-PCR, the
dynamic range of fluorescent detection is much broader,
spanning 5 to 6 orders of magnitude, with a lower limit of
detection of <0.01%.26 Most important, real-time RT-PCR has
the precision required in clinical diagnostic applications.

Various fluorescent detection systems have been used to
quantify BCR-ABL1 transcripts. The major chemistries
employed are the Taqman31 or FRET probe32 methods. For
both of these, RNA or complementary DNA (cDNA) stan-
dards of known concentration are used to generate a stan-
dard curve (log copy number versus threshold cycle [Ct]),
from which the unknown sample quantity is determined
(Figure 35-6) and then normalized against an internal refer-
ence (e.g., ABL1 transcripts). The final result is reported as a
percentage ratio (e.g., BCR-ABL1/ABL1), although alternative
methods of reporting include copy number or micrograms
of RNA, or both. Other methods include molecular beacons
and melting-curve analysis (see chapter 2).

Bone Marrow Engraftment Analysis

Several other molecular tests have a role in the laboratory
evaluation of CML patients. In the setting of ASCT,

chimerism analysis by variable number tandem repeats
(VNTR), short tandem repeats (STR), or single nucleotide
polymorphisms (SNP) is used for assessment of bone
marrow engraftment of donor cells and to detect the 
presence of residual recipient cells, so-called mixed
chimerism (see chapter 46). After successful transplanta-
tion with full donor engraftment, the presence of mixed
chimerism is associated with a higher risk of disease
relapse.33 Increasing levels of the BCR-ABL1 transcripts
may be associated with mixed chimerism such that quan-
titative real-time RT-PCR and chimerism analysis together
may provide information to guide early therapeutic 
intervention.34

Interpretation of Test Results

The interpretation of test results is influenced by the clin-
ical context in which the test is performed. In the diagnos-
tic setting, a negative RT-PCR result renders a diagnosis of
CML unlikely. However, it does not definitively exclude a
diagnosis of CML since rare variant breakpoints can occur
that may not be detected by conventional PCR primer sets.
Similarly, a positive qualitative RT-PCR result does not
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therapy with interferon-α or imatinib mesylate. Low or
falling transcript levels correlate with successful treatment
or continued remission, and elevated or rising transcript
levels predict relapse.14,16,17 The establishment of specific
criteria, critical thresholds to define molecular relapse, or
both has, however, been difficult in light of the ongoing
evolution and continued sophistication of quantitative RT-
PCR technology. The European Investigators on CML
(EICML) issued recommendations in 1994 that defined 
a quantitative RT-PCR relapse as a 10-fold or greater in-
crease in the level of BCR-ABL1 transcripts, as determined
by a minimum of three consecutive quantitative analyses.40

Although these guidelines offer a framework for monitor-
ing, they were developed over a decade ago and prior to the
advent of real-time RT-PCR technology.

Since then, much data have been generated though still
compromised by the absence of large prospective clinical
trials and the lack of technical standardization; neverthe-
less, pertinent information can be ascertained.With respect
to monitoring after transplantation, several quantitative
indicators emerge. Thus, a modified definition of molecular
relapse has been proposed as rising or persistently high
levels of BCR-ABL1,delineated as a BCR-ABL1/ABL1 ratio of
>0.02% (∼10−4), in two sequential specimens procured more
than 4 months after ASCT. Although imatinib has shown
encouraging results in the treatment of CML, the long-term
correlates of clinical outcome remain to be defined.
Nonetheless, recent studies suggest that quantitative RT-
PCR values correlate with established cytogenetic response
criteria and are associated with a differential short-term
outcome.41 In the IRIS study, a “major molecular response
(MMR)” is defined as a ≥3 log reduction in BCR-ABL1/BCR
levels compared to median pretreatment levels. Here, MMR
was achieved in 39% of newly diagnosed CML patients after
12 months of imatinib as compared to only 2% of patients
on interferon-α plus Ara-C.17 Patients with this degree of
molecular response to imatinib had a negligible risk of
disease progression in the short term. In addition, the pat-
terns of residual disease levels after attaining MMR (such as
continuing decline in levels, plateau, or increasing levels)
can predict cytogenetic relapse.42

One additional advantage of quantitative BCR/ABL1
monitoring with imatinib therapy is that it allows for 
the early recognition of therapeutic resistance. In this 
scenario, patients with a suboptimal therapeutic response
may undergo screening for causative point mutations 
(e.g., using allele-specific oligonucleotide PCR, denaturing
HPLC, or heteroduplex formation), the identification of
which could prompt implementation of alternative treat-
ment strategies. Preliminary work with microarrays has
identified differential gene expression profiles between
patients with imatinib sensitivity and resistance.43 In the
future, this technology may predict therapeutic response
and thus dictate frontline therapy.

Regardless of the therapeutic strategy, large prospective
studies that correlate quantitative RT-PCR data with long-
term clinical outcome are anticipated. These investigations

definitively invoke a diagnosis of CML. Using an extremely
sensitive nested RT-PCR technique, BCR-ABL1 fusion tran-
scripts have been identified in the blood of as many as two
thirds of healthy adults.35,36 Whereas the vast majority of
CML patients express either the e13a2 (b2a2) or the e14a2
(b3a2) fusion transcripts, healthy individuals express pri-
marily the e1a2 type. However, the extreme level of sensi-
tivity achieved (∼10−8) with this nested technique is neither
required nor recommended for routine clinical testing, and
thus misdiagnosis should not be an issue.

For therapeutic monitoring, a single positive qualitative
RT-PCR result is not predictive of relapse in any individual
patient regardless of therapeutic context; nonetheless, ther-
apeutic context ultimately dictates the clinical ramifications
of any test result.For instance, in the setting of bone marrow
transplantation, the interval after transplant, the type of
transplant (i.e., unrelated vs related matched), and the pres-
ence or absence of stem cell product manipulation (e.g.,
T-cell depletion) may impact the prognostic relevance of
qualitative test results. Most CML patients have a positive
qualitative RT-PCR result in the first 6 months following
ASCT that is not associated with a higher risk of relapse. Six
to 12 months after ASCT, however, positive qualitative
results are highly associated with, and considered to be an
independent predictor of, subsequent relapse.37 In this
setting, positive RT-PCR detection of BCR-ABL1 fusion
transcripts precedes cytogenetic and hematologic relapse
by several months. Furthermore, detection of fusion tran-
scripts by RT-PCR 6 to 12 months after transplant with an
allogeneic related matched donor or with T-cell-depleted
stem cell products is associated with a higher rate of relapse
than in patients receiving unrelated donor or nondepleted
stem cell products.38

Despite attainment of complete cytogenetic remission,
patients treated with interferon-α can continue to be qual-
itatively RT-PCR positive for several years. Furthermore, in
the small number of patients treated with interferon-α who
do become RT-PCR negative, FISH analysis can remain
positive for the BCR-ABL1 gene fusion, supporting the
notion that interferon-α may decrease chimeric gene tran-
scription without successful eradication of the neoplastic
clone.39 Consequently, qualitative RT-PCR has traditionally
been of little clinical utility in the posttherapeutic moni-
toring of patients treated with interferon-α, while FISH
analysis has provided more meaningful clinical data. A
long-term outcome study (with an approximately 10-year
follow-up), however, has documented that repeated nega-
tive qualitative RT-PCR tests, or even the attainment of at
least one documented molecular remission after inter-
feron-α therapy, is associated with improved long-term
event-free survival as well as the prolonged durability of a
major cytogenetic response.19 Although this finding offers
validity to qualitative RT-PCR monitoring during or after
interferon-α therapy, it is relevant to few CML patients.

In contrast to qualitative RT-PCR analysis, quantitative
RT-PCR shows seemingly broad relevance to postthera-
peutic monitoring whether after transplantation, or after



392 J.-A. Vergilio and A. Bagg

will direct the formulation of new guidelines to assist with
the future therapeutic monitoring and clinical interpreta-
tion of these tests. Until then, a number of algorithms 
have been proposed for therapeutic monitoring25,26,44,45

(Figure 35-7).
One final caveat in molecular RT-PCR analysis, whether

qualitative or quantitative, is that it cannot assess the clonal
evolution of disease. For this assessment, cytogenetic kary-
otyping is required and must be performed every 6 months
throughout the monitoring process regardless of the type
of therapy. The emergence of cytogenetically abnormal
(but Ph-negative) clones with the use of imatinib, with a
reported incidence ranging between 2% and 24%, further
underscores the need for periodic conventional cytoge-
netic analysis.46

Laboratory Issues

Several issues arise during the laboratory evaluation of
CML. Some have already been discussed in detail above,
and so are only briefly noted here. These include the
expression of BCR-ABL1 in normal individuals, false-posi-
tive results induced by PCR contamination, particularly
using nested PCR techniques, and false-negative results
due to variant breakpoints.

A variety of controls (positive, negative, and internal) are
used for each test, whether qualitative or quantitative. RNA
extracted from cell lines known to be positive and negative
for BCR-ABL1 fusion are commonly used as controls. K562
is a cell line positive for the e14a2 (b3a2) BCR-ABL1 tran-
script, KBM-7 is positive for the e13a2 (b3a2) transcript,
and SUPB15 is positive for the e1a2 transcript. For clinical
testing, a simplex RT-PCR test should be able to detect one
K562 cell in a background of 100,000 normal cells (10−5)
and one SUPB15 cell in a background of 10,000 normal
cells (10−4). Although plasmids with incorporated BCR-
ABL1 sequences also are available, these are rarely used in
the clinical laboratory due to the risk of plasmid contami-
nation of specimens or reagents.

In any RT-PCR assay, false-negative results may be due
to mRNA degradation, and therefore, an internal control
transcript is routinely evaluated to confirm the presence 
of intact mRNA and absence of RT-PCR inhibitors. In 
qualitative assays, a variety of transcripts can serve this
function, including ABL1, BCR, G6PDH, and B2M. In 
quantitative assays, however, the control transcript also
serves as the standard to which the BCR-ABL1 transcript is
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normalized and should have a stable level of expression
and approximately equivalent amplification efficiency to
BCR/ABL1.Although ABL1 is used most widely as a control
gene, BCR or GUSB are equally suitable; others, such as
GAPDH, are now considered suboptimal.

A silent polymorphism in exon e13/b2 of the M-bcr has
been identified in ∼30% of individuals with the replace-
ment of thymidine by cytosine at the eighth position of this
exon. Although this has no apparent effect on the structure
or function of BCR or BCR-ABL1 proteins, it may alter 
the annealing of PCR primers and probes for real-time 
RT-PCR.47

OTHER MYELOPROLIFERATIVE DISORDERS 
AND MYELODYSPLASTIC SYNDROMES

The other MPD and MDS (Table 35-1) constitute a broad
spectrum of entities previously characterized as mostly
lacking specific and distinctive genetic markers analogous
to BCR-ABL1 in CML. Consequently, molecular testing 
has been much less developed for these diseases, with 
the exception of chronic eosinophilic leukemia, with the
identification of the FIP1L1-PDGFRA fusion in many
cases.48 However, based on more recent findings, there is
the significant potential that the molecular diagnostic
landscape may change for the diagnosis of polycythemia
vera (PV) and other MPD.49,50 Diagnosis has traditionally
relied on the integration of morphologic features (from the
bone marrow and peripheral blood) with both routine and
sophisticated laboratory studies (including complete blood
cell counts, cytogenetics, endogenous colony formation,
cytokine sensitivity of hematopoietic progenitors, and
quantitation of hemoglobin F) as well as clinical manifes-
tations and history.51–54 However, in early 2005 a number of
groups almost simultaneously identified a unifying molec-
ular genetic abnormality in most patients with PV, and up
to one half of patients with essential thrombocythemia
(ET) and idiopathic myelofibrosis (IMF).49,50 This abnor-
mality is an acquired mutation (V617F) in JAK2, which
encodes a key intracellular kinase involved in signaling
from multiple hematopoietic growth factor receptors,
including the erythropoietin receptor. The mechanism by
which one mutation results in three related but distinct
MPDs remains to be determined; perhaps additional
genetic alterations result in the different hematologic phe-
notypes. Alternatively, the subsets of ET and IMF with
these mutations might reflect PV variants, possibly in early
or even spent phase. A variety of technical approaches,
including ASO-PCR, have become available to test for this
mutation.55

Recurrent cytogenetic abnormalities have been
described in MDS,such as −5/del(5q),−7/del(7q), trisomy 8,
and del(20q); however, these are not currently amenable to
routine molecular testing since none of these has been
definitively characterized at the molecular level.56 Some
other recurrent, but rare, genetic abnormalities have been

characterized at the molecular level in MPD, with two inter-
esting breakpoint clusters at 8p1157 and 5q33,58 which gener-
ate constitutively active tyrosine kinase fusions (Table 35-3).

Since MPD and MDS are clonal diseases arising from a
hematopoietic stem cell, the determination of monoclon-
ality can aid in the establishment of neoplasia (in an appro-
priate clinical and morphological context). One molecular
approach to clonality assessment exploits the physiologic
process of X-chromosome inactivation in which one X-
chromosome is inactivated in the somatic tissues of all
females to compensate for unequal gene dosage compared
to males.73 This inactivation process occurs by methylation
of cytosine nucleotides in cytosine-guanine dinucleotide
(CpG)-rich regions of DNA. In any cell population, this
process yields random inactivation of maternal and pater-
nal alleles, such that the ratio of methylated maternal to
methylated paternal alleles approximates 1 : 1. In a clonal
population, one allele predominates and alters the ratio,
providing a useful marker for clonality assessment. The
human androgen receptor (HUMARA) assay is one such
DNA-based PCR clonality assay. The human androgen
receptor gene contains a trinucleotide repeat region that is
polymorphic in more than 95% of individuals and is pre-
ceded by a CpG-rich region. Both methylation-specific
restriction enzymes and methylation-specific PCR analysis
using chemical modification with sodium bisulfite have
been used74,75 (Figure 35-8). Nonrandom X inactivation is
conventionally defined by a ratio that exceeds 3 : 1.

Clonality assessment with HUMARA is not without lim-
itations. First, only females are eligible for analysis, limit-
ing its applicability to 50% of the general population.
Second, elderly individuals may have nonrandom age-
associated X-linked inactivation (skewing) that, in some
circumstances, can be distinguished by comparison with a
hematopoietic control (e.g., T cells). The phenomenon of
skewing may be particularly confounding to the evaluation
of MPD and MDS, since these diseases are most 
commonly encountered in older individuals. Here, a more
stringent ratio, exceeding 10 : 1, may be more appropriate.
Despite these limitations, HUMARA and other X-
inactivation studies (G6PD [glucose-6-phosphate dehydro-
genase], PGK [phosphoglycerate kinase], HPRT [hypoxan-
thine phosphoryl ribosyl transferase]) are useful for
documentation of clonality in these and other hematologic
disorders.76

Prior to the discovery of JAK2 mutations, quantitation of
PRV1 mRNA was reported to have diagnostic relevance in
PV and ET. PRV1 (polycythemia rubra vera 1) is a gene that
encodes a hematopoietic cell surface receptor homologous
to the neutrophil alloantigen NB1/CD117. Overexpression
of the PRV1 mRNA has been detected in patients with PV
as well as in a subset of patients with ET but not in healthy
controls or in those with reactive erythrocytosis or throm-
bocytosis.76 Curiously, PRV1 protein levels do not show this
discordant expression. Nevertheless, quantitative RT-PCR
for PRV1 may be useful in differentiating PV and ET from
their reactive counterparts.



Table 35-3. Recurrent Molecular Genetic Abnormalities Associated with Various Non-CML Myeloproliferative Disorders and Myelodys-
plastic Syndromes

Target Examples MPD/MDS Association

Myeloproliferative Disorders

JAK2 Point mutation [V617F] Majority (65%–95%) polycythemia vera, and up to 50% essential 
thrombocythemia and idiopathic myelofibrosis

Translocations involving t(6;8)(q27;p11) [FOP-FGFR1]
8p11 [FGFR1]: t(8;9)(p11;q33) [CEP110-FGFR1]

t(8;13)(p11;q12) [ZNF198-FGFR1]
t(8;22)(p11;q22) [BCR-FGFR1] 8p11 myeloproliferative syndrome (EMS) associated with T-cell 

lymphoma56

Translocations involving t(5;7)(q33;p11) [HIP1-PDGFRB]
5q33 [PDGFRB]: t(5;10)(q33;q21) [H4-PDGFRB]

t(5;12)(q33;p13) [TEL-PDGFRB] Myeloproliferative/myelodysplastic disorders, in particular CMML 
with eosinophilia57

t(5;14)(q33;p32) [CEV14-PDGFRB]
t(5;14)(q33;p24) [NIN-PDGFRB]
t(5;17)(q33;p13) [RAB5-PDGFRB]
t(5;17)(q33;p11) [HCMOGT-PDGFRB]
t(1;5)(q23;q33) [PDE4DIP-PDGFRB]

4q12 [FIP1L1-PDGFRA] del(4q12) Chronic eosinophilic leukemia/hypereosinophilic syndrome48

? Systemic mastocytosis
GATA1 Point mutation Transient myeloproliferative disorder of Down syndrome59†
KIT Point mutation [D816V] Mastocytosis60†

Myelodysplastic Syndromes

RAS Point mutation CMML, other MDS61

NF1, PTPN11 Point mutation JMML62,63

TP53 Point mutation RAEB, 17p syndrome64–66

P15 Methylation Progression/transformation67,68

FMS Point mutation Progression/transformation69

CBFA2 Mutation, deletion Therapy-related MDS70

Mitochondrial DNA* Mutation, deletion RARS71,72

*The association of mitochondrial mutations with MDS is controversial.
†Not formally designated a MPD by WHO.
CMML, chronic myelomonocytic leukemia; JMML, juvenile myelomonocytic leukemia; MDS, myelodysplastic syndrome; MPD, myelopro-
liferative disorder; RAEB, refractory anemia with excess blasts; RARS, refractory anemia with ringed sideroblasts.
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Figure 35-8. Schematic representation of the methylation-spe-
cific polymerase chain reaction analysis of the human androgen
receptor assay (MSP-HUMARA), used to determine clonality status
for female patients. Sodium bisulfite modifies DNA by the perma-
nent conversion of unmethylated (i.e., active) cytosine to uracil.
Methylated (i.e., inactive) cytosine residues, located 5′ to guanine
residues, are resistant to this modification. PCR amplification with
primers specific for either methylated (unmodified) or unmethy-
lated (modified) DNA of the HUMAR gene sequence is performed
with subsequent visualization of the PCR products by gel or capil-
lary electrophoresis. A methylated maternal to methylated pater-
nal allelic ratio that exceeds either 3 : 1 or 1 : 3 is indicative of
nonrandom X inactivation. (Used with permission from Vergilio JA
and Bagg A. Chronic myeloid leukaemia—Molecular diagnosis and
monitoring. In: encyclopedia of Medical Genomics and Proteomics
(EMGP). Jürgen Fuchs and Maurizio Podda, (eds.) Marcel Dekker
2005:252–258.)
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Although our molecular understanding of non-CML
MPD and MDS is far from that of CML, the recent
identification of JAK2 mutations notwithstanding,
molecular testing can contribute to laboratory evaluation.
With more sophisticated technology (e.g., gene expression
profiling) and continued investigation, it is hoped that the
molecular pathogenesis of MPD and MDS will be delin-
eated, which will result in improved methods for diagnosis
and monitoring of these disorders. Ultimately, such 
molecular discoveries may result in an evolution from a
clinicopathologic-based to a molecular-based classification
of these disorders.
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progression to AIDS. With the availability of commercial
assays and their proven clinical utility, viral load testing
quickly became the standard of care in the clinical 
management of persons with HIV-1 infection. Clinical
guidelines have been established for the initiation of
antiretroviral therapy, and viral load levels are among the
parameters used in this decision. Initiation of therapy may
be considered in patients with a high plasma viral load
even if the patient is without symptoms and the CD4 cell
count is above 350 cells/mm3.2

HIV-1 viral load is a strong predictor of the rate of pro-
gression to AIDS that is independent of CD4 cell count.3 A
study of homosexual men in which the time of serocon-
version was documented showed that an initial viral load
of 100,000 equivalents/ml of plasma soon after serocon-
version was associated with a greater than ten-fold increase
in the risk of developing AIDS. However, persons who had
a viral load of <1,000 equivalents/ml did not progress to
AIDS during the next 5 years.3 A study of hemophiliacs
found similar results; the level of HIV-1 RNA early during
chronic infection was a strong predictor of clinical
outcome.4 The same association between viral load level
and progression to AIDS is seen in patients for whom the
duration of HIV-1 infection is unknown. Mellors et al.
showed that HIV-1 seropositive men with a baseline RNA
level of <4,530 molecules/ml had a median time to pro-
gression to AIDS of >10 years, compared to 3.5 years with
a baseline viral load of >36,270 molecules/ml.5

Monitoring response to therapy is another key use of
viral load testing. The magnitude of the decrease in viral
load in response to therapy is dependent on the specific
combinations of antiretroviral drugs used. For example,
when zidovudine (AZT) or lamivudine (3TC) are used as
monotherapy, the decrease in viral load is in the range of
0.5 to 1.0 log10 copies/ml. But when these two drugs are
used in combination, the drop in viral load is 1.5 log10

copies/ml and this decrease in viral load is sustained for a
longer period of time.6 When AZT, 3TC, and the protease
inhibitor indinavir are used in combination, the decrease
in viral load is 2.0 to 2.8 log10 copies/ml and this regimen
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Human immunodeficiency virus types 1 and 2 (HIV-1 and
HIV-2), the causative agents of the acquired immunodefi-
ciency syndrome (AIDS), are RNA viruses belonging to the
genus Lentivirus of the family Retroviridae. Like all retro-
viruses, replication involves reverse transcription of the
RNA genome into a double-stranded DNA molecule, with
subsequent integration into the host genome. This inte-
grated retroviral DNA is referred to as the provirus. Due to
this complex replicative cycle, molecular assays used in the
diagnosis and management of HIV-1 infection may target
either HIV-1 RNA or proviral DNA.

HIV-1 is a very genetically diverse virus; two distinct
genetic groups have been identified, the major (M) and
outlier (O) groups. Viruses in the M group are further
divided into eight subtypes or clades, designated A through
H, based on the sequence diversity within the HIV-1 gag
and env genes. The nucleotide sequence of the env gene
may differ by as much as 25% among the different clades,
while viruses within the same clade generally differ by less
than 15%.1 Group M virus is found worldwide, with clade
B predominating in Europe and North America. The
genetic diversity of HIV-1 plays an important role in the
design and interpretation of viral load and resistance tests.

The uses of molecular tests in the clinical management
for persons with HIV-1 infection are many and diverse and
include diagnosis of infection, monitoring response to
therapy, and assessing the efficacy of a treatment regimen.
Here we review the available assays and their clinical
utility.

Clinical Utility

HIV-1 Viral Load Testing

The clinical utility of HIV-1 viral load testing, which refers
to the quantification of HIV-1 RNA, has been well 
documented. HIV-1 viral load assays are very useful in
determining when to initiate antiretroviral therapy, in
monitoring response to therapy, and in predicting time to
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slowed the progression of HIV-1 disease in patients with 
≤200 CD4 cells/mm3.7 Decreases in viral load of approxi-
mately 2 log10 have been reported with other combination
regimens.8–10 Based on these findings, the current standard
for treating HIV-1 infected individuals is to use combina-
tions of protease inhibitors or nonnucleoside reverse 
transcriptase inhibitors with nucleoside analogs.2 This
combination therapy is often referred to as highly active
antiretroviral therapy or HAART.

The ultimate goal of therapy is to achieve a viral load
below the limit of detection of the assay, as studies have
shown suppression of plasma viral load to below 20
copies/ml was associated with a longer response to anti-
retroviral therapy compared with that achieved when the
viral load was suppressed to below 500 copies/ml.11

However, this may not be possible in all cases, particularly
in those patients with very high pretreatment viral load
levels or in those who have failed prior therapeutic regi-
mens. Guidelines for the use of HIV-1 RNA levels in 
clinical practice have been published12 (AIDSinfo
[http://aidsinfo.nih.gov/], International AIDS Society–USA
[http://www.iasusa.org]). In general, a plasma HIV-1 RNA
level should be measured at baseline, immediately before
beginning therapy, and then again at 2 to 8 weeks after the
start of therapy to determine the initial response. Testing
then is repeated at 3- to 4-month intervals to evaluate con-
tinued effectiveness of the regimen. Any increase in viral
load should be confirmed with repeat testing, as a variety
of clinical illnesses can lead to a transient rise in viral load.
Once a significant increase in viral load has been docu-
mented, HIV-1 resistance testing should be considered.

HIV-1 viral load testing also has proven useful in the
diagnosis of acute HIV-1 infection, although the Food and
Drug Administration (FDA) has not approved the assays
for this indication. Acute HIV-1 infection, also referred to
as acute retroviral syndrome, is defined as the “window
period” after exposure to the virus prior to seroconversion,
when the ELISA and western blot tests are negative or 
indeterminate. In this “window period,” patients often are
symptomatic with a mononucleosis-type syndrome, which
may include fever, fatigue, rash, lymphadenopathy, and oral
ulcers.13 During acute HIV-1 infection, the level of RNA is
very high, usually 105 to 107 copies/ml of plasma, making
viral load measurement a very useful diagnostic tool. A
recent study compared the utility of p24 antigen and viral
load testing for identifying patients with acute HIV-1 infec-
tion.14 Viral load testing was found to be more sensitive,
while p24 antigen testing was more specific. However, the
majority of viral load testing in the study was done using
the Versant HIV-1 RNA assay (Bayer Diagnostics Corpora-
tion, Tarrytown, NY), a signal amplification method, which
is known to have a lower specificity compared to target
amplification methods. There were no false positives when
the Amplicor reverse transcription–polymerase chain
reaction (RT-PCR) assay (Roche Diagnostics, Indianapolis,
IN) was used, although the sample size was small. When
molecular assays for the diagnosis of HIV-1 infection are

used, the possibility of a false-positive result must be con-
sidered. Patients must be educated about the limitations of
these tests and must give informed consent prior to testing.
To minimize the likelihood of reporting a false-positive
result, an HIV1/2 ELISA should be obtained at the time of
viral load testing, and repeat viral load testing should be
done on all positive specimens. It is critical to remember
that patients with acute retroviral syndrome should have
very high levels of HIV-1 RNA. Requiring laboratory ap-
proval for HIV-1 diagnostic testing is a prudent approach
to ensure that the patient has signs and symptoms consis-
tent with acute HIV-1 infection prior to testing.

Molecular tests are useful in the diagnosis of acute HIV-
1 infection in neonates. Since maternal IgG crosses the pla-
centa, an uninfected infant may be seropositive into the
second year of life. Studies have established the utility of
both qualitative proviral DNA and viral load assays for the
diagnosis of HIV-1 infection in newborns.15–17 HIV-1 viral
load testing appears to be more sensitive than proviral
DNA testing for the diagnosis of acute HIV-1 infection in
newborns.16,17 Current guidelines for the diagnosis of
neonatal HIV-1 infection recommend that the molecular
testing be performed at two separate time points, and that
testing cord blood samples be avoided.18

HIV-1 Drug Resistance Testing

The replication cycle of HIV-1 is error prone because the
reverse transcriptase (RT) does not have proofreading
activity. As a result, about one error occurs with each
replicative cycle. This error rate coupled with a replication
rate that produces about one billion viral particles per day
gives rise to viral quasispecies. Therefore, a patient has a
high probability of having a virus with a drug-resistance
mutation in the quasispecies prior to drug exposure.
Treatment with an antiretroviral drug leads to selection
pressure that allows a resistant virus to predominate. As a
result, monotherapy has been found to be ineffective and
the standard of care is to treat patients with a combination
of antiretroviral drugs. Currently, there are four general
classes of antiretroviral drugs that are used in clinical care,
nucleoside reverse transcriptase inhibitors (NRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTIs),
protease inhibitors (PIs), and a new class of drug, fusion
inhibitors. Viral resistance can occur with each of these
classes of drug, particularly when viral replication is not
maximally suppressed while the patient is on therapy. The
current standard of care is to use regimens that contain a
combination of drugs, usually a PI or NNRTI with several
NRTIs, since resistance is less likely to occur on these
complex regimens than on monotherapy.

The clinical utility of resistance testing in the manage-
ment of HIV-1-infected persons has been studied in several
prospective randomized clinical trials. Two early studies
focused on the clinical utility of genotypic resistance
testing, while more recent studies also have assessed the
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role of phenotypic resistance testing. The early clinical
trials evaluating resistance testing evaluated the use of
genotyping in establishing the treatment regimen in
patients who had failed therapy with PIs and NRTIs.19–21 In
the control arm, the salvage regimen was determined based
on prior antiretroviral drug use, while patients in the geno-
type arm received therapy based on the results of a geno-
typing test. In both studies, patients in the genotype arm
showed an improved response to therapy compared to the
control group, as measured by either the decrease in viral
load or the percentage of patients with an undetectable
viral load. To clarify the role of expert advice, the Havana
trial evaluated the clinical utility of genotyping and expert
advice.22 As with earlier studies, genotyping was found to
improve virologic outcomes. In addition, the use of expert
advice showed a virologic benefit in patients with two pre-
vious treatment regimen failures. A recent study showed
that use of genotypic resistance testing to determine the
next regimen following treatment failure is cost-effective.23

In addition, the use of resistance testing to guide the initial
treatment regimen appears to be cost-effective if the preva-
lence of primary genotypic resistance in the population is
at least 4%.23

The VIRA3001 study was a prospective randomized 
trial that compared standard of care to phenotypic drug
resistance testing in patients who failed a PI-containing
regimen. At week 16, an intention-to-treat analysis showed
that patients in the phenotype arm had a greater drop in
viral load, and a greater proportion of the patients in the
phenotype arm had an undetectable viral load compared
to the standard-of-care arm.24 However, not all clinical
trials of resistance testing have shown an improved clini-
cal outcome compared to standard of care. The NARVAL
trial compared phenotypic testing or genotypic testing to
standard of care for choosing an antiretroviral regimen
after treatment failure. As with previous studies, the
patients had failed therapy that contained a PI. Overall, the
resistance assays did not demonstrate a benefit over stan-
dard of care. However in patients with the most limited PI
use, a significant benefit was observed in the genotyping
arm.25 The California Collaborative Treatment Group
Study 575 (CCTG575) randomized patients who had expe-
rienced treatment failure to receive phenotypic testing or

standard of care. At both 6 and 12 months there was not a
significant difference in either reduction in viral load or in
the proportion of patients with a viral load of <400
copies/ml. However, in a subgroup of patients with resist-
ance to three or more PIs at baseline, a statistically greater
number of patients achieved a viral load of <400 copies/ml
at 6 months in the phenotype arm compared to the stan-
dard-of-care arm.26,27

An International AIDS Society–USA panel of experts has
established clinical guidelines for the use of HIV-1 resist-
ance testing in adults.28 Either genotypic or phenotypic
drug resistance testing is recommended in patients who
fail an initial antiretroviral regimen or in those who fail
after numerous regimens. Treatment failure usually refers
to failure to achieve the desired drop in viral load or
rebound in viral load after achieving an initial response.
Resistance testing also is recommended in pregnant
women to optimize treatment and in hopes of minimizing
transmission of HIV-1 infection to the neonate. Resistance
testing should be considered prior to initiating therapy in
patients with primary HIV-1 infection or in treatment of
naive persons with established HIV-1 infection.

Assays and Their Performance

Viral Load Assays

Currently, four HIV-1 viral load test kits have been
approved by the FDA for clinical use (Table 36-1). Addi-
tional tests are under development and are expected to be
available within the next few years. The available assays
differ in their limit of quantification and linear range. Both
the standard and ultrasensitive Amplicor RT-PCR assays
are needed to cover the clinically important range of viral
load values. Of note, the Amplicor RT-PCR version 1.0 test
has been replaced by the version 1.5 test. The lower limit
of quantification is a key characteristic of viral load assays,
and how this parameter is defined is equally important. For
example, the NucliSens NASBA assay can detect as few as
25 copies/ml when 1 ml of plasma is used, but this level is
detected in less than 50% of replicates. The limit of
quantification is best defined as the amount of nucleic acid

Table 36-1. Commercially Available HIV-1 Viral Load Assays

Test Kit Method Manufacturer Gene Target Range* (copies/ml) Specimen Volume

Amplicor HIV-1 monitor RT-PCR Roche Diagnostics HIV-1 gag 400–750,000 200 µl
test, standard (Indianapolis, IN)

Amplicor HIV-1 monitor test, RT-PCR Roche Diagnostics HIV-1 gag 50–100,000 500 µl
ultrasensitive (Indianapolis, IN)

Versant HIV-1 RNA 3.0 assay Branched Bayer Diagnostics Corporation, HIV-1 pol 75–500,000 1ml
DNA (Tarrytown, NY)

NucliSens HIV-1 QT assay NASBA bioMerieux (Durham, NC) HIV-1 gag 176–3,470,000 1ml†

*See text for a detailed discussion of the dynamic range of the assays.
†Can accommodate volumes between 50µl and 2ml.
RT-PCR, reverse transcription–polymerase chain reaction; NASBA, nucleic acid sequence-based amplification.
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that can be verified in 95% of replicate samples. Using this
definition, the ultrasensitive Amplicor RT-PCR assay has a
sensitivity of 50 copies/ml, followed by the Versant bDNA
assay at 75 copies/ml, and the NucliSens HIV-1 QT assay
(bioMerieux, Durham, NC) at 176 copies/ml.29–31 It is
unclear whether there is a clinical difference when the viral
load is decreased to less than 50 copies/ml compared to
reduction below 100 copies/ml.29

The ability to detect the various subtypes of HIV-1 RNA
also differs among the various viral load assays. Though
the majority of HIV-1 infections in North America and
Europe are subtype B,32 infections with non-B subtypes are
becoming more common in the United States and certainly
represent an important cause of HIV-1 infection globally.
The Versant bDNA assay accurately quantifies HIV-1 sub-
types A through G, while the Amplicor RT-PCR version 1.0
assay underquantifies HIV-l subtypes A, E, and F by 1–2
log10 copies/ml.33 This problem has been resolved with the
FDA approval of the Amplicor RT-PCR version 1.5 assay,
which has modified primer sequences that allow accurate
quantification of subtypes A through H.32–34 For the
NucliSens NASBA assay, studies have shown decreased
quantification of subtype G.32,33,35 None of the currently
available assays are recommended for quantification of
group O viruses. An assay is under development that can
detect all types of HIV-1 as well as HIV-2 RNA, but it is not
available for clinical use at this time.36

The viral load values obtained with the different assays
may not be comparable because each uses a different
molecular technique and may use a different HIV-l RNA
standard. The viral load values obtained with the standard
Amplicor RT-PCR (version 1.0) are reported to be about
two-fold higher than levels obtained with either version 2.0
of the Versant bDNA assay37,38 or the NucliSens NASBA
assay.39 The viral load levels obtained with version 3.0 of
the Versant bDNA assay and the Amplicor RT-PCR assay
(version 1.5) were highly correlated in one study, with dif-
ferences between the two assays within the coefficients of
variation for the assays.40 The Amplicor version 1.0 and 1.5
assays have been reported to generate comparable values
on matched clinical specimens.41 Although the differences
in viral load levels obtained with the different assays are
narrowing, it is still best to use the same assay when mon-
itoring patients over time.

Proper collection and processing of blood samples are
essential to assure accurate assessment of viral load levels;
the key is to minimize RNA degradation. For both the
Versant bDNA and Amplicor RT-PCR assays, EDTA is the
preferred anticoagulant for blood collection. Blood antico-
agulated with acid citrate dextrose (ACD) also is accept-
able, but the viral load will be decreased approximately
15% due to the volume of anticoagulant.42–44 Blood antico-
agulated with heparin is unacceptable for the Versant
bDNA or Amplicor RT-PCR assays. Due to the extraction
method used with the NucliSens NASBA assay, any antico-
agulant can be accommodated, though EDTA is most com-
monly used.45

To ensure minimal degradation of RNA, plasma must be
separated from blood cells within 4 to 6 hours of collec-
tion. Delays in processing may lead to a falsely decreased
viral load due to RNA degradation. Plasma specimens can
be stored at 4°C for several days without significant degra-
dation of RNA. Moreover, HIV-1 RNA remains stable after
three cycles of freezing (−70°C) and thawing.43 For long-
term storage, plasma samples should be frozen at or below
−70°C.44 Vacutainer Plasma Preparation Tubes (PPT) also
can be used for the collection of blood specimens for viral
load testing. The PPT contain a gel barrier, which, after cen-
trifugation, physically separates plasma from the cellular
components.42 Whole blood collected in PPT can be held at
room temperature for as long as 6 hours after collection
and shipped as plasma (in the original tube) at ambient
temperature or on wet or dry ice without affecting the HIV-
1 viral load.46 Freezing PPTs (after separating the plasma)
prior to testing can give higher viral load values compared
to those obtained when the plasma is separated and stored
at 4°C. For this reason freezing PPTs is not recommended.
The PPTs provide a closed sample collection system, which
is a safe, convenient, and practical approach to shipping
specimens collected at sites remote from the laboratory.

Although measuring viral load in plasma is the standard
of care in clinical practice, these assays have been adapted
for use with other specimens, most notably serum, dried
blood spots, cerebrospinal fluid (CSF), seminal fluid or
semen, or cervical secretions. When serum specimens are
used, the viral load is decreased approximately 50% com-
pared to plasma.44 Both blood and plasma dried spots 
can be used for viral load testing; in fact, viral load levels
from dried plasma spots are equivalent to those obtained
from fresh frozen plasma specimens. HIV-1 RNA in dried
plasma spots remains stable for up to 16 days when stored
at 4°C or ambient temperature.47 Similarly, HIV-1 RNA
from dried whole blood spots, corrected for hematocrit,
yields viral load results comparable to those obtained from
plasma.48 The measurement of HIV-1 viral load in genital
secretions has been done with the Amplicor and NucliSens
assays, although this testing is largely reserved for research
studies.44,49 Viral load levels in CSF have been used in the
evaluation of patients with AIDS dementia.

Proviral DNA Assays

Qualitative proviral DNA assays are used primarily for the
diagnosis of neonatal or acute HIV-1 infections. Currently,
there is one commercial test kit available,the Amplicor DNA
test; however, it is not FDA approved. The assay uses the
same primers as version 1.5 of the Amplicor RT-PCR assay,
thus allowing reliable detection of subtypes A through 
H. Due to the limited availability of commercial proviral
DNA assays, many laboratories have developed their own
tests using either standard or real-time amplification
methods. The performance characteristics of laboratory-
developed assays can vary, and performance characteristics
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to consider include sensitivity, specificity, reproducibility,
and the ability to detect non-B subtypes of HIV-1 proviral
DNA.

Drug Resistance Assays

Antiretroviral resistance can be detected using either geno-
typic or phenotypic assays. HIV-1 genotypic assays iden-
tify mutations or changes in the nucleotide sequence
known to confer decreased susceptibility to antiretroviral
drugs. The effective use of genotypic resistance testing in
clinical practice requires an extensive understanding of
the genetics of antiretroviral resistance. Phenotype, on the
other hand, refers to a viral trait or behavior resulting from
the expression of a specific genotype. HIV-1 phenotypic
assays measure viral replication in the presence of anti-
retroviral drugs. Results of phenotypic assays are typically
reported as the inhibitory concentration of a drug that
reduces in vitro HIV-1 replication by 50% (IC50). The IC50

is usually reported as the fold change in IC50 relative to a
wild-type strain. A “virtual phenotype” also is available
commercially for assessing HIV-1 drug resistance. With a
virtual phenotype, a phenotypic assay is not performed
directly; rather, the information is inferred from the geno-
typic assay. The results of the genotypic assay are entered
into a database containing matching genotypic and phe-
notypic results from thousands of clinical specimens, and
the closest matching phenotypic results are averaged and
reported as the virtual phenotype.

There are several methods used for genotypic resistance
assays, including automated dideoxynucleotide terminator
cycle sequencing, DNA hybridization using high-density
microarrays,and reverse hybridization to mutation-specific
probes. The initial step in all these genotypic assays is the
extraction of HIV-1 RNA from a clinical specimen, which is
usually plasma. This is followed by reverse transcription
and PCR amplification of the entire protease gene and most
of the RT gene (Figure 36-1). The amplified products then
are analyzed using one of the methods mentioned above.
The vast majority of genotypic resistance testing used 
for clinical management decisions is done by automated
dideoxynucleotide terminator cycle sequencing. These
methods are complex, requiring sequence alignment and
editing, mutation detection by comparison to a standard
wild-type sequence,and interpretation of the significance of
the mutations identified. Two FDA-cleared assays are avail-
able that include reagents for sequencing and software pro-
grams to assist with sequence alignment and interpretation
(Trugene HIV-1 Genotyping Kit and OpenGene DNA
Sequencing System, Bayer Diagnostics Corporation, Tarry-
town, NY; and ViroSeq HIV-1 Genotyping System, Abbott
Molecular, Des Plaines, IL). In addition to these commercial
assays, several laboratories have developed automated 
cycle sequencing assays for HIV-1 resistance testing.
The currently available commercial assays do not amplify
the envelope gene,so mutations that lead to resistance to the

fusion inhibitor drugs are not detected. However, this
testing is available from reference laboratories.

HIV-1 sequencing also can be done by DNA hybridiza-
tion of the amplified viral genes to defined oligonucleotide
probes using high-density microarrays followed by auto-
mated base calling and mutation detection. One such
method, GeneChip (Affymetrix, Santa Clara, CA), provides
the nucleotide sequence of the entire HIV-1 protease 
gene and most of the RT gene.50 Although several studies
found good overall concordance (<97%) of sequence data
between cycle sequencing and the GeneChip method,51–53

problems were noted in the ability to detect mixtures of
mutant and wild-type virus.51 However, with continued
improvements in DNA chip technology, it is possible that
this technology will prove to be successful in the future for
detection of resistance mutations.

A reverse hybridization method, the line probe assay
(LiPA, manufactured for Bayer Diagnostics Corporation,
Tarrytown, NY, by Innogenetics, Gent, Belgium), can rapidly
and simultaneously determine the presence of drug resist-
ance mutations in preselected codons rather than the entire
gene sequence.54 The amplified portions of the RT and pro-
tease genes are hybridized to nitrocellulose strips contain-
ing probes that are complementary to target sequences
containing specific mutations. The strips also contain
probes complementary to corresponding wild-type target
sequences. This method can identify specific mutations but
will not provide information about the entire gene
sequence. A discordance rate of 8% between LiPA and 
automated sequencing for the RT gene was noted in one
study.53 Although hybridization failures for some codons
exceeded 10% in another study, LiPA appeared to be more
sensitive than automated sequencing in detecting minority
mutant populations.55 To date, the LiPA assay has been
designed to identify primary resistance mutations only. The
nitrocellulose strips will require constant updating as new
drugs become available and new mutations are identified.
However, because of the relative ease of use, and with
ongoing improvements, genotypic methods that rely on
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Figure 36-1. Overview of HIV-1 resistance testing.
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reverse hybridization will likely remain important for clin-
ical and research applications.

There have been few direct comparisons of the various
automated sequencing assays used in clinical practice. A
study comparing the Trugene and ViroSeq assays showed
that both tests identified similar mutations after taking 
into account differences in drug databases and reference
strains.56 Nineteen of the 21 samples tested were equivalent
in the two assays, with an overall concordance of 99% (249
of 252 mutation sites).

Phenotypic assays measure the ability of HIV-1 to grow
in the presence of various concentrations of an antiretro-
viral drug. Results are expressed as the concentration of
drug needed to inhibit viral replication by 50% (IC50) or
90% (IC90) compared with a drug-susceptible control 
virus (Figure 36-2). Initially, phenotypic assays required 
isolation of infectious HIV-1 from a blood specimen.
However, now phenotypic assays are performed using
high-throughput automated assays based on recombinant
DNA technology. HIV-1 phenotypic resistance testing is
available from two different commercial laboratories. For
one assay, PhenoSense (ViroLogic, South San Francisco,
CA), the protease and RT genes are amplified using RT-PCR
and inserted into a modified HIV-1 vector that has a
luciferase reporter gene in place of the viral envelope gene.
Viral replication, in the presence of various drugs, is meas-
ured by quantification of luciferase expression.57 The
reproducibility of the assay is such that increases in IC50

of greater than 2.5-fold can be reliably detected in the 
assay. The second assay, Antivirogram (Virco, Mechelen,
Belgium), combines patient and HIV-1 vector sequences
using in vitro recombination. Viral replication is measured
using a reporter gene system.58

There is little data directly addressing specimen collec-
tion and processing for HIV-1 resistance testing. These
assays are very sensitive to RNA degradation because the
methods require the amplification of a large portion of the
viral genome (1,200 to 1,600 base pairs). Current recom-
mendations for resistance testing are to follow guidelines

established for viral load testing regarding collection, pro-
cessing, and storage of specimens. The method of RNA
extraction can be altered depending on the viral load of the
specimen. For specimens with a low viral load (<1,000 to
5,000 copies/ml plasma), the most common approach to
improve the yield of RNA is to concentrate virions from a
larger specimen volume by high-speed centrifugation
(23,000 × g or higher) prior to RNA extraction. Typically a
viral load of 1,000 copies/ml or greater is required for reli-
able results from automated sequencing assays. However,
using methods to concentrate virus from a larger volume
of plasma, it is possible to obtain sequencing data on spec-
imens with a viral load of <1,000 copies/ml.56 Considering
the cost of these assays and the variability of viral load
measurements near the limit of quantification, it may be
best to avoid resistance testing until the viral load in the
plasma is >1,000 copies/ml. Both the Trugene and ViroSeq
assays have been used successfully to genotype non-B 
subtypes of HIV-1.59,60

Interpretation

Viral Load Assays

HIV-1 viral load assays have become the standard of care
for monitoring response to antiretroviral therapy. To effec-
tively use viral load assays in clinical practice there must
be an understanding of which changes in viral load re-
present a clinically important change in viral replication.
This requires knowledge of both viral biology and assay 
performance. The available viral load assays have an 
intra-assay variability of 0.12 to 0.2 log10 on repeated
testing of individual samples,44,61 with the bDNA assay
showing the lowest intra-assay variability. Biologically,
HIV-1 RNA levels are fairly stable in individuals who are
not receiving therapy; the biological variation is approxi-
mately 0.3 log10.12 Therefore, changes in HIV-1 RNA levels
must exceed 0.5 log10 (3-fold) to represent biologically rel-
evant changes in viral replication. For all the viral load
assays, the intra-assay variability is even greater near the
lower limit of quantification, so for HIV-1 RNA values less
than 3 log10 (1,000 copies/ml), it is particularly important
not to overinterpret small changes in viral load. Reporting
viral load levels as log10-transformed data assists in pre-
venting clinicians from overinterpreting small changes in
viral load.

Several clinical illnesses, including herpes simplex virus
(HSV) infections, acute infections, and opportunistic infec-
tions, as well as vaccinations for influenza, tetanus, or
pneumonococcal infection, can lead to transient increases
in HIV-1 RNA levels.62–64 For some individuals these
increases in viral load may be quite dramatic, ≥1 log10;
however, HIV-1 RNA levels usually return to baseline
within a month of the acute event. For this reason it is 
recommended that viral load measurements be avoided
during acute illness or within a month of vaccination.
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Figure 36-2. HIV-1 phenotypic drug resistance testing results.
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False-positive results can occur with HIV-1 viral load
assays and are attributed to carryover contamination with
amplicons, limitations in assay chemistry, or cross-contam-
ination of specimens during specimen processing. Carry-
over contamination of amplified products is a problem for
the Amplicor RT-PCR and NucliSens NASBA assays, as both
are target amplification methods. The Amplicor RT-PCR
assay has been designed to minimize this problem;
specifically, the assay uses dUTP and the DNA repair
enzyme uracil-N-glycosylase (UNG) to destroy carryover
amplicons before amplification. Carryover contamination
will become less of a problem when real-time RT-PCR ver-
sions of these assays are used,since the sample is not manip-
ulated after the amplification step. An advantage of the
Versant bDNA assay is that carryover contamination does
not occur,since it is a signal amplification method.However,
the Versant bDNA assay chemistry involves complex
hybridization of nucleic acid probes and there can be non-
specific hybridization leading to false-positive results. The
assay has a specificity of approximately 98% when testing
specimens from HIV-1-negative individuals.14 Most of the
false-positive samples have viral load values of less than
2000 copies/ml. Contamination with HIV-1 RNA during
specimen processing can lead to false-positive results with
any of the three assays.

Drug Resistance Assays

Interpretation of genotypic resistance testing is very
complex and requires a detailed understanding of the genet-
ics of resistance. For many drugs, the mutations associated
with resistance have been well characterized when used as
monotherapy. However, when drugs are used in combina-
tion, as is the standard of care for HIV-1-infected individu-
als, interactions may occur between mutations, which may
increase or decrease drug susceptibilities. These inter-
actions, although complex, must be understood to accu-
rately interpret genotypic results.In general,viral mutations
make the virus less fit for replication. The terms “primary”
and “secondary” may be used when referring to resistance
mutations. Primary mutations are relatively drug specific
and may decrease viral susceptibility to the drug. Drug-
resistant mutants may have a reduced replication capacity
or viral fitness compared to wild-type virus. Secondary
mutations alone may have no effect on viral drug suscepti-
bility but may improve viral fitness, allowing a virus with a
primary mutation to improve its replicative capacity.65 A
current and comprehensive discussion of the specific muta-
tions associated with each antiretroviral drug and the inter-
actions of mutations is available from a variety of sources,28

including Los Alamos National Laboratory HIV Databases
(http://hiv-web.lanl.gov), International AIDS Society–USA
(http://www.iasusa.org), and Stanford University HIV Drug
Resistance Database (http://hivdb.stanford.edu).

The proper interpretation of genotypic drug resistance
assays involves two independent processes, identification

of resistance mutations and interpretation of how these
mutations alter viral susceptibility to specific antiretrovi-
ral drugs. An error in either process will lead to an 
inaccurate genotyping interpretation. While establishing
appropriate quality control guidelines for the technical
aspect of an assay is common practice, the complex inter-
pretation of HIV-1 genotyping assays represents a new
challenge for clinical laboratory personnel. Since interpre-
tation of genotypic assays is so complex and critical to
patient care, both of the FDA-cleared assays provide soft-
ware programs that assist in base calling, sequence align-
ment, and identification of the resistance mutations by
comparing the sequence to that of a wild-type virus.

After identifying the resistance mutations, a “rule-
based” software program is used to interpret the meaning
of the various mutations. For example, with the OpenGene
system (Bayer Diagnostics Corporation), the rules are
established by an independent panel of experts and
updated regularly as new information becomes available. A
computer algorithm has been developed based on these
rules that accounts for primary and secondary mutations,
cross resistance, and interactions of mutations. In addition
to listing the mutations identified in the RT and protease
genes, an interpretative report is provided that lists each
drug and provides a designation of either “no evidence 
of resistance,” “possible resistance,” “resistance,” or
“insufficient evidence.”66 “No evidence of resistance” is
used if no known mutations are detected or if reduced sus-
ceptibility to a specific drug has not been associated with
the identified mutation(s). “Possible resistance” is used
when the mutations detected have been associated with
diminished virologic response in some but not all patients,
or if the mutation has been associated with an intermedi-
ate decrease in susceptibility to the drug. “Resistance”
refers to mutations that have been associated with a
maximum reduction in susceptibility to the drug. If there
is inadequate evidence to determine susceptibility, the
term “insufficient evidence” is used.66 A similar approach
is used in the ViroSeq assay (Abbott Molecular), though the
interpretation of all mutations may not be identical for
both systems. These rule-based interpretation systems are
essential for providing clinicians with results in a user-
friendly format that is easily understood and clinically
useful without the need for an extensive knowledge of the
genetics of HIV-1 resistance. Ideally, one rule-based system
would be used for the interpretation of all genotypic assays.
These databases require frequent updates as new data
regarding drug resistance become available and new drugs
are available for clinical use. Clinically, resistance results
must be interpreted in the context of the treatment history
of each patient.

Mutations in HIV-1 are reported with a specific nomen-
clature in which amino acids are reported using single-
letter abbreviations. The wild-type amino acid encoded by
the nucleotide triplet is followed by the location of the
mutation (codon number) and then the mutant amino
acid. For example, K103N indicates that the lysine (wild
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type) at codon 103 is replaced by an asparagine (mutant).
Genotyping reports include a list of the mutations
identified as well as the effect of the mutations on anti-
retroviral drug susceptibility (Table 36-2).

An important issue for the interpretation of HIV-1 phe-
notypic assays is defining the cutoff change in IC50 that is
associated with resistance. Initially, this cutoff was estab-
lished based on the technical performance of the assays,
which is the increase in IC50 that could be reliably detected
when compared to wild-type virus. For the PhenoSense
assay, this was established at a 2.5-fold increase in IC50,
while for the Antivirogram assay this was set at a 4-fold
increase in IC50. More recently there has been a move to
define the cutoffs in relationship to the likelihood of a clin-
ical response. Clinically important increases in IC50 have
been defined for some drugs, and these cutoffs can vary
with different drugs. For example, with abacavir, stavudine,
and lopinavir the fold change in IC50 that is clinically
important is 4.5, 1.7, and 10, respectively.67 However, with
NNRTIs, 4- to 10-fold increases in IC50 values in therapy-
naive subjects were not associated with a poor virologic
outcome.68 It is likely that IC50 cutoffs will continue to be
modified as more clinical outcomes data become available.
Reports of phenotypic assay results include not only the
change in IC50 value but also an interpretation of whether
there is an increase or decrease in susceptibility compared
to wild-type virus.

A standard of care has not been established for the pref-
erential use of genotypic or phenotypic resistance testing.
Some clinicians prefer phenotypic testing because it is a
direct measure of viral susceptibility. Others prefer geno-
typic testing because the development of a mutation may
precede phenotypic expression of resistance. In addition,

genotypic testing can be completed in 1 to 2 days, com-
pared to 1 to 2 weeks for phenotypic testing. Another
important factor is that phenotypic testing is significantly
more expensive than genotypic testing. Due to issues of
availability and cost, providers often use genotypic testing
routinely and rely on phenotypic testing for patients who
have failed multiple regimens and have very complex geno-
typic results. If both assays are used, it is key to remember
that the results of both assays may not agree, as the pres-
ence of a resistance mutation does not assure its expression
in a phenotypic assay. Depending on the drug regimen,
genotypic and phenotypic testing may provide comple-
mentary information.67

The currently available genotypic and phenotypic
methods can detect a mutant virus only if it comprises at
least 20% of the total viral population. So resistance testing
is best used to predict failure of a regimen rather than
ensure success, because a mutant may be present at a con-
centration below the detection limit of the assay. The one
exception is the LiPA assay, which can detect mutants that
comprise as little as 4% of the total viral population,51,54

though this test is not widely used in clinical laboratories.
Detection of these minor mutants is important because, in
the presence of drug selection pressure, these minority
populations will quickly predominate. Likewise, drug selec-
tion pressure is required for mutations to persist, and in
the absence of drug selection pressure the viral population
can revert back to wild type. One study showed that this
reversion back to wild type can occur within several weeks
of withdrawing the antiretroviral drug.69 Although the
virus may appear susceptible to the specific drug, reintro-
ducing the drug will select for resistance again. For this
reason, it is recommended that specimens for resistance
testing be obtained while the patient is on antiretroviral
therapy.

Laboratory Issues

With the proven clinical utility and the availability of com-
mercial assays, viral load testing for HIV-1 is performed
routinely in many clinical laboratories. Three companies
have FDA-approved test kits; the appropriate choice of a
viral load assay will vary depending on the laboratory.
Issues to consider include available space, volume of
testing, turnaround time, expertise of technologists, and
cost of reportable result. Each of the viral load assays has
its strengths and weaknesses. The Versant bDNA assay has
the advantages of high throughput and a broad dynamic
range, without concern for carryover contamination of
amplified product. The System 340 instrument for the
Versant bDNA assay allows for a greater level of automa-
tion. However, the assay does not have an internal control
to compensate for loss of RNA during nucleic acid extrac-
tion, and false-positive results have been reported.14 The
Amplicor RT-PCR assay has good specificity, but the
dynamic range is limited, requiring the use of both a stan-

Table 36-2. Example of Genotypic Resistance Report

Drug Interpretation

Nucleoside RT Inhibitor Mutations: D67N, K70R, M184V, K219E

Zidovudine Resistance
Didanosine Possible resistance
Zalcitabine Possible resistance
Lamivudine/emtricitabine Resistance
Stavudine Possible resistance
Abacavir Possible resistance
Tenofovir No evidence of resistance

Nonnucleoside RT Inhibitor Mutations: K103N

Nevirapine Resistance
Delavirdine Resistance
Efavirenz Resistance

Protease Inhibitor Mutations: D30N

Saquinavir No evidence of resistance
Indinavir No evidence of resistance
Ritonavir No evidence of resistance
Nelfinavir Resistance
Amprenavir/fosamprenavir No evidence of resistance
Lopinavir and ritonavir No evidence of resistance
Atazanavir No evidence of resistance
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dard and an ultrasensitive version of the assay, and ade-
quate space is needed for proper laboratory design to sep-
arate the pre- and post-PCR steps of analysis. The Cobas
Amplicor instrument, which automates the amplification
and detection steps of the test, is available. However, the
throughput of the instrument is limited, requiring 6 hours
to test 24 specimens. The NASBA assay has a broad
dynamic range and can accommodate a wide range of clin-
ical specimen types and specimen volumes, but the assay
is slightly less sensitive than the other available assays. The
MiniMag and EasyMag are instruments that automate the
nucleic acid extraction step of the NucliSens assay and have
greatly reduced the hands-on time needed to perform the
test.

The initial step in some genotypic and all phenotypic
assays involves amplification of viral RNA using RT-PCR
technology. As a result, strict precautions must be followed
to avoid contamination of specimens with amplified prod-
ucts and to prevent contamination between specimens
during processing and amplification. Genetic fingerprint-
ing programs are a very important tool to assist the labo-
ratory in detecting contamination or sample mix-up. Each
sequence that is generated is compared to a laboratory-
specific database that contains the sequences of other 
specimens and controls. The database then displays the
prior sequences most closely related to the current sample.
Due to the variation in the HIV-1 sequence, there should
not be an exact or a highly similar match within the data-
base unless it is an earlier specimen from the same patient.
If different patients are found to have highly similar
sequences, this can be a clue to problems with contamina-
tion in the laboratory. This genetic fingerprinting function
is included in the Trugene System, allowing all sequenced
specimens to be checked against the fingerprinting 
database. The ViroSeq system uses UTP and uracil N-
glycosylase (UNG), which is a very effective method to
control for contamination of amplified products. As with
viral load testing, extreme care must be taken to avoid cross
contamination of specimens during processing.

The College of American Pathologists(CAP) Surveys
Program offers proficiency testing for HIV-1 viral load
measurements (HIV/HV2 survey) three times per year. The
Centers for Disease Control and Prevention (CDC) offers
laboratory performance evaluations twice a year (the CDC
Model Performance Evaluation).

Phenotypic resistance testing, which requires culture of
HIV-1, is not performed in clinical laboratories but is avail-
able from two commercial laboratories (Virologic and
Virco). Genotypic assays that rely on automated sequencing
technology are performed in clinical laboratories; the testing
is very complex and challenging for laboratories because
quality control is required for both the generation of
sequence and the subsequent interpretation of the results.
An international HIV-1 genotyping proficiency program
(ENVA-3)70 distributed five plasma samples to 175 laborato-
ries. One sample in the panel contained a 50 :50 mixture of
wild-type and mutant HIV-1 with mutations in various

resistance codons. For this specimen, at least eight of the
nine resistance mutations were detected by 55% of the lab-
oratories using ViroSeq, 62% of the laboratories using
Trugene, and 33% of the laboratories using laboratory-
developed assays. Overall these results are quite disappoint-
ing considering that sequencing technology is reported to
detect mutants that comprise as little as 20% of the total viral
population. In addition to difficulties identifying resistance
mutations, there was extensive variation between laborato-
ries in the interpretation of the significance of the muta-
tions.71 These results clearly point out the need for
proficiency testing for both identification and interpretation
of resistance mutations.

The interpretation of an assay as complex as HIV-1
genotyping presents a new challenge for clinical laborato-
ries. Many laboratories rely on databases and algorithms
provided by commercial companies, since experts in the
interpretation of resistance testing may not be available
locally. One problem with this approach is that the labora-
tory has no control over how frequently these databases are
updated. In addition, the databases may use different ref-
erence strains, base-calling algorithms, or resistance refer-
ence files, leading to different interpretations of the same
resistance mutations. Standardization of these test compo-
nents is needed to minimize misinterpretation of genotyp-
ing results. FDA clearance has been an important step for
genotyping assays, but standardization of interpretive cri-
teria is needed.

Proficiency testing for HIV-1 genotyping is available
from the College of American Pathologists (Northfield, IL)
Surveys Program (HIV/HV2 surveys), with three chal-
lenges per year. To date, this proficiency program has
focused on identification of specific resistance mutations,
rather than interpretation of these mutations. In the 
future, proficiency programs will need to include mutation
identification as well as interpretation challenges.

An important advance for HIV-1 drug resistance testing
has been the establishment of CPT codes for both pheno-
typic (87903) and genotypic (87901) testing. However,
reimbursement rates vary greatly from state to state and
may be below the cost of performing the tests. Adequate
reimbursement is essential to assure access to resistance
testing for all HIV1-infected individuals.

The Future

The use of HAART in combination with HIV-1 viral load
and drug resistance assays has revolutionized the manage-
ment of HIV-1-infected persons. Future advancements for
these tests will likely focus on improved assay performance
and automation. Real-time RT-PCR methods, which allow
the simultaneous amplification and detection of amplified
product, offer many improvements over the current assays.
The technical time to perform the assay and time to result
will be decreased. The risk of contamination due to carry-
over of amplified product will be greatly reduced since
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there is no postamplification handling of the sample.
Analysis is done early in the log phase of amplification,
thus decreasing differences in amplification efficiency
between samples. Real-time HIV-1 viral load assays are
under development that are ultrasensitive (20 to 50
copies/ml) with a 6 log10 linear range. Some of these assays
also quantify group O virus.

The currently available genotypic drug resistance assays
are very labor-intensive. Future assays will need to be much
more automated with a higher throughput. With advances
in DNA chip technology, this approach may prove to be
applicable to complex genotypic assays. Other needed
improvements include standardization of databases and
interpretive algorithms, optimization of assay performance
to improve detection of minor mutant populations, and
establishing appropriate quality control and quality assur-
ance programs. HIV-1 drug resistance assays will need to
be very flexible to accommodate new antiretroviral drugs
that target other genes such as gag, integrase, or envelope.
Finally, the clinical correlation between genotypic and phe-
notypic assays needs to be better defined.

In the future, the clinical management of HIV-1 infected
individuals may include therapeutic drug monitoring, and
pharmacogenomic testing to identify individuals with
altered metabolism of drugs or those at risk for adverse
reactions to antiretroviral drugs. The use of these types of
assays may allow for better individualization of antiretro-
viral therapy and improved clinical outcomes.
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Chapter 37
Hepatitis B and C Viruses
Frederick S. Nolte

tion of HBV and HCV are not effective. This chapter
reviews the molecular tests that are available to detect,
quantitate, and characterize HBV and HCV and how these
tests can be used for effective diagnosis and clinical 
management of patients.

HEPATITIS B VIRUS

The HBV genome is a 3.2 kilobase (kb), relaxed circular,
partially double-stranded DNA molecule. It has four par-
tially overlapping open reading frames encoding the viral
envelope (pre-S and S), nucleocapsid (precore and core),
polymerase, and X proteins. Although HBV is a DNA virus,
it replicates by a reverse transcriptase that lacks proof-
reading activity and, as a result, is prone to errors. The
overlapping open reading frames of the genome limit the
types of mutations that can be tolerated. However, varia-
tions in HBV sequences have been detected in almost all
regions of the genome. Consequently, HBV exists as quasi-
species, and different patients may be infected with differ-
ent strains and genotypes.

There are seven phylogenetic genotypes (A through G),
most of which have distinct geographic distribution.
Genotypes are defined by intergroup divergence of greater
than 8% in the complete genome nucleotide sequence.
Genotypes A and D are common in the United States and
Europe; genotypes B and C are most frequent in China and
Southeast Asia. There is insufficient data to determine
whether differences in clinical outcome or response to
treatment correlate with virus genotype.

Clinical Utility

Serologic assays with high levels of sensitivity, specificity,
and reproducibility have been developed to detect HBV
antigens and their respective antibodies. This complicated
system of serologic markers is used for diagnosis of HBV
infection and to define the phase of infection, degree of
infectivity, prognosis, and immune status. The presence of
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Introduction

Viral hepatitis is believed to have existed in antiquity, with
references traced back to the fifth century BC. A new era in
viral hepatitis was ushered in by the landmark discovery
of Australia antigen, subsequently renamed hepatitis B
surface antigen (HbsAg) by Blumberg and coworkers in
1965.1 What followed was a rapid growth in information
about the hepatitis B virus (HBV), development of sero-
logic and molecular tests for HBV, understanding of the
natural history and pathogenesis of infection, development
and approval of antiviral therapies, and most importantly,
the development of effective vaccines for prevention of
HBV infection.

Although non-A, non-B hepatitis was thought to have a
viral etiology since 1974, the virus eluded investigators for
more than a decade. It was discovered in 1989 by a brute
force application of molecular cloning techniques through
the joint efforts of the Centers for Disease Control and Pre-
vention (CDC) and the Chiron Corporation, and was
named the hepatitis C virus (HCV).2 This discovery led
rapidly to the development of serologic screening assays
for HCV infection prior to blood donation, which dramat-
ically reduced the incidence of posttransfusion chronic
hepatitis. Sequencing of the HCV genome also provided
impetus for the development of molecular assays for detec-
tion, quantitation, and characterization of HCV. Although
there has been explosive growth in information about this
medically important virus since its discovery, much
remains to be learned about its pathogenesis, treatment,
and prevention.

The key characteristics of HBV and HCV are summa-
rized in Table 37-1. Both viruses represent major global
public health problems, with an estimated 350 million 
and 170 million persons chronically infected with HBV and
HCV, respectively. Although clinical characteristics and
risk factors for infection may give some indication of the
specific etiology of viral hepatitis, the diagnosis is labora-
tory based. Laboratory diagnosis is based on serologic and
molecular tests because cell culture techniques for isola-
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HBV DNA in the serum is a marker of viral replication in
the liver and has replaced hepatitis Be antigen (HBeAg) as
the most sensitive marker of viral replication. Efforts are
currently under way to develop HBV DNA tests for screen-
ing blood donors as an early marker of infection.

The initial evaluation of patients found to have HBsAg
in serum should include routine liver tests and a variety of
virologic tests including HBV DNA tests.3 Chronic HBV
infection is a disease of variable course, and it is important
to establish baseline laboratory values. Monitoring disease
activity in chronically HBV-infected patients is best done
by measuring aminotransferase (ALT) levels at 6-month
intervals. Serial HBV DNA testing is not necessary.

The determination of HBV DNA levels (viral load) is
important in the pretreatment evaluation and monitoring
of therapeutic response in patients with chronic infection.3

Currently, therapy for HBV infection is difficult and has
limited long-term efficacy. The decision to treat should be
based on ALT elevations, presence of HBeAg or high HBV
DNA levels or both, presence of moderate disease activity
and fibrosis on liver biopsy, and virologic testing to exclude
concurrent infections with hepatitis D virus (HDV), HCV,
and human immunodeficiency virus (HIV). Currently, the
only two approved therapies for HBV infection are inter-
feron-α (IFN) and lamivudine. Several factors predict a
favorable response to IFN treatment, the most important
being high ALT and low serum HBV DNA levels, which are
indirect markers of immune clearance.

Lamivudine is an orally administered nucleoside analog,
which is a potent inhibitor of HBV DNA synthesis. A 1-year
course has been shown in clinical trials to be as effective
as a 16-week course of IFN but is better tolerated by
patients.4,5 The antiviral response appears to be durable,
although most treated patients had detectable serum HBV
DNA when sensitive tests were used in follow-up studies.
A major problem with lamivudine is the development of
drug-resistant mutants. Genotypic resistance has been
reported in 15% to 25% of patients treated for 1 year,
increasing to 49% of patients treated for 3 years. The devel-
opment of resistance usually is associated with a rebound
in viral load. However, in many patients the viral load and
ALT level remain lower than pretreatment values because
the mutations that occur in the viral polymerase affect viral
replication efficiency. The two most common mutations are
a methionine-to-valine or -isoleucine substitution at codon
552 (M552V/I) and a leucine-to-methionine substitution at
codon 528 (L528M) in the HBV polymerase gene.6

Although the ideal goal of therapy is to eradicate the
virus, this is not always achievable because of the difficulty
of eliminating the covalently closed circular form of the
HBV genome from the liver and the existence of extra-
hepatic reservoirs of HBV. Endpoints of treatment have 
traditionally been clearance of HBeAg, development of
anti-HBe antibodies, and undetectable serum HBV DNA
using insensitive hybridization assays with detection limits
of approximately 106 genome copies/ml. Achieving these
endpoints usually is accompanied by remission of liver
disease as evidenced by normalization of the ALT level and
decreased histologic activity on liver biopsy. The response
usually is sustained at long-term follow-up. Nevertheless,
most responders continue to have detectable HBV DNA
when a sensitive nucleic acid amplification test is used.

Several variations in the nucleotide sequence of HBV
have important clinical consequences. An important muta-
tion in the S gene is a glycine-to-arginine substitution at
codon 145 (G145R) in the conserved “a” determinant,
which causes decreased affinity of the HBsAg for anti-HBs
antibodies.7 HBV with this mutation has been found in
children of HBsAg-positive mothers in whom HBV infec-
tion develops despite vaccination and an adequate anti-
HBs antibody response after vaccination, as well as in liver
transplant recipients who have recurrent infection despite
administration of HBV immune globulin.8,9 These immune

Table 37-1. Characteristics of Hepatitis B Virus and Hepatitis C
Virus

Characteristic Hepatitis B Virus Hepatitis C Virus

Type of virus Hepadnavirus Hepacivirus
Viral genome 3.2kb, relaxed 9.5kb, positive-sense,

circular, partially single-stranded 
double-stranded RNA
DNA

Routes of Parenteral Parenteral
transmission Sexual Injection drug use

Injection drug use Blood products 
Perinatal before 1990

Perinatal (infrequent)
Sexual (infrequent)

Frequency of Common in adults Uncommon
acute icteric Uncommon in 
disease children

Frequency of Infrequent (<10%) Frequent (>80%)
evolution to in adults
chronic disease Common in 

children
Estimated number 185,000 38,000

of acute 
infections/yr
in the 
United States

Estimated number 1,250,000 2,700,000
of chronically 
infected persons 
in the United 
States

Estimated number 350,000,000 170,000,000
of chronically 
infected
persons in 
the world

Treatment Interferon-α Interferon-α with
Lamivudine ribavirin

Prophylaxis Recombinant None
vaccine

Hepatitis B 
immune
globulin

Source: Adapted from Lauer GM, Walker BD. Hepatitis C virus
infection. N Engl J Med. 2001;345:41–52.
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escape mutants have raised concern about vaccine efficacy
and serologically silent infections. The G145R mutation has
been reported in many countries and is responsible for 2%
to 40% of vaccine failures. Although there is diminished
binding to anti-HBs antibodies, the vast majority of S
mutants can be readily detected with the current genera-
tion of HBsAg tests. Thus, the initial concern that wide-
spread use of HBV immune globulin and vaccination
would result in HBV mutants that would escape detection
in the HBsAg test was unfounded.

Core promoter and precore mutants produce virions
that do not produce HBeAg. The most common core pro-
moter mutation has a dual change of A to T at nucleotide
(nt) 1762 and G to A at nt 1764 that diminishes the amount
of mRNA and hence HBeAg secretion.10 The predominant
mutation is a G-to-A change at nt 1896 (A1896), which
leads to premature termination of the precore protein at
codon 28, thus preventing the production of HBeAg.11 The
A1896 mutation is infrequent in North America and
western Europe but is geographically widespread. This geo-
graphic variability in frequency is related to the predo-
minant genotypes in a geographic region because the
mutation is found only in genotypes B, C, D, and E.

The A1896 mutation was first reported in patients with
chronic active hepatitis or fulminant hepatitis. However,
the A1896 mutation also can be present in asymptomatic
carriers and viruses with this mutation replicate no more
efficiently than wild-type HBV. Thus, the pathophysiologic
significance of this mutation is unclear.12 However, the clin-
ical picture of persistent HBV replication and active liver
disease in HBeAg-negative patients appears to be increas-
ingly prevalent, and in some regions the A1896-mutant
virus may be more prevalent than wild-type virus.

Available Assays

HBV DNA Detection and Quantitation

The commercially available tests for quantitation of HBV
DNA in serum and plasma are listed in Table 37-2. These
tests employ either signal or target amplification. All of

these assays are available as research-use-only kits or
analyte-specific reagents, since the Food and Drug 
Administration (FDA) has not cleared any of these reagents
for diagnostic use. In addition, a number of laboratory-
developed conventional and real-time polymerase chain
reaction (PCR) tests have been described.4,13–15 All of the
quantitative HBV DNA test formats have been used in
monitoring the status of HBV infection before and after
treatment.

The Hybrid Capture tests (Digene, Gaithersburg, MD)
are liquid hybridization assays employing full-length
genomic RNA probes and antibodies that bind to DNA-
RNA hybrids to quantitate HBV DNA in serum and plasma
specimens. The dynamic ranges of the Standard and Ultra-
sensitive Hybrid Capture II assays are 200,000 to 2 billion
genome copies/ml and 5,000 to 60 million genome
copies/ml, respectively.

The Versant HBV assay (Bayer Corp, Tarrytown, NY)
uses branched DNA (bDNA) technology for HBV DNA
quantitation. The virus is concentrated from 1 ml of serum
by ultracentrifugation to achieve greater sensitivity.
Quantitation of HBV DNA in clinical samples is deter-
mined from a standard curve generated with each run
using a set of HBV DNA standards included as part of the
kit. The Versant HBV assay has a dynamic range of 700,000
to 5 billion copies/ml.

The Amplicor HBV Monitor Test (Roche Diagnostics,
Indiannapolis, IN) uses PCR for HBV DNA quantitation16

and has the greatest sensitivity of all the available assays,
detecting as few as 200 HBV genome copies/ml. The PCR
primers are biotin labeled and target conserved sequences
in the precore/core region of the HBV genome. A known
number of copies of a quantitation standard (QS) are
added to each specimen aliquot prior to DNA isolation. The
QS is a DNA fragment with 5′ and 3′ sequences that are
complementary to the HBV PCR primers with a unique
internal sequence. After PCR amplification, the HBV and
QS amplicons are detected using specific probes for inter-
nal sequences of the target and QS in a solid phase assay
with an avidin-enzyme conjugate and a colorimetric sub-
strate. HBV DNA in the serum sample is quantitated by ref-
erence to the QS signal. The amplification, hybridization,

Table 37-2. Commercially Available HBV DNA Tests

Test Kit Method Manufacturer Gene Target Dynamic Range*

Standard Hybrid Capture II Liquid hybridization Digene (Gaithersburg, MD) Full-length 2 × 105 to 2 × 109

RNA probe†
Ultra-Sensitive Hybrid Capture II Liquid hybridization Digene (Gaithersburg, MD) Full-length 5 × 103 to 6 × 107

RNA probe†
Versant HBV Branched DNA Bayer Corp (Tarrytown, NY) Multiple probes 7 × 105 to 5 × 109

Amplicor HBV Monitor PCR Roche Diagnostics Precore/core 2 × 102 to 2 × 105

(Indiannapolis, IN)
TaqMan HBV Analyte-Specific Reagent Real-time PCR Roche Diagnostics Precore/core 2 × 102 to 2 × 107

(Indiannapolis, IN)

*Genome copies/ml.
†Genotypes A and D.
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and detection steps can be performed using the COBAS
Amplicor analyzer.17

A real-time PCR assay for HBV DNA based on TaqMan
chemistry is available from Roche Diagnostics as 
an analyte-specific reagent (ASR). This assay combines the
analytical sensitivity of conventional PCR with the broad 
dynamic range of the Hybrid Capture and Versant bDNA
tests, and simplifies the analytical process relative to the
PCR tests by combining the amplification and detection
steps.

HBV Genotyping

The only commercially available test for genotyping HBV
is a line probe assay (Innogenetics, Ghent, Belgium) for
mutations in the HBV polymerase gene associated with
resistance to lamivudine.18 A 341 base pair (bp) PCR
product from the polymerase gene is amplified with
primers biotinylated at their 5′ ends. The PCR product is
denatured and hybridized to probes immobilized on a
nitrocellulose strip. The assay uses 38 probes to cover
codon positions 528, 552, and 555 of the polymerase gene
in 19 different probe lines on a nitrocellulose strip. The
hybrids are visualized on the strip after addition of strep-
tavidin-alkaline phosphatase and colorimetric substrate.
The mutations are identified by the colored patterns of
PCR product hybridization to the probes.

Interpretation of Test Results

The availability of clinical molecular tests for detection and
quantitation of HBV DNA in serum has improved our
understanding of the clinical manifestations and natural
history of HBV infection and facilitated the monitoring of
response to therapy. However, the use of increasingly sen-
sitive tests for this purpose has led to new questions and
dilemmas. For example, most patients with chronic HBV
infection have detectable HBV DNA in serum when sensi-
tive PCR assays are used, even in HBsAg carriers without
apparent disease. This leads to the question of what serum
level of HBV DNA should be used to determine the need
for treatment. Likewise, because of the limitations of cur-
rently available therapies, most treatment responders con-
tinue to have HBV DNA detectable in serum when the most
sensitive assays are used.19 This raises the questions of
when to stop treatment and how virologic treatment
response should be defined.

Early studies using insensitive hybridization assays
demonstrated that most patients who developed sponta-
neous or treatment-induced anti-HBeAg seroconversion
with undetectable serum HBV DNA have normal ALT
levels, reduced histologic activity, decreased risk of hepatic
decompensation, and improved survival.20 The majority,
however, have detectable HBV DNA when PCR assays are
used. Therefore, it seems that patients with low serum HBV

DNA levels may not require treatment. Although there
appears to be a level of serum HBV DNA below which hep-
atitis B is inactive and nonprogressive, this level may range
from 104 to 106 genome copies/ml and may vary with the
patient and the assay used to determine the levels. There is
poor agreement between HBV DNA results generated with
the different assays.15,21

Laboratory Issues

The major laboratory issue in HBV DNA quantitation is the
widely divergent results obtained with the different assays.
To address interassay differences, the World Health Orga-
nization (WHO) developed an international standard for
HBV DNA, designated 97/746.22 The WHO standard is a
lyophilized plasma specimen that has been analyzed by
several laboratories using different nucleic acid tests and
has an assigned potency of 106 international units (IU)/ml.
In the future, all new assays for HBV DNA should be cali-
brated against the WHO standard and the results reported
in IU/ml. In the interim, laboratories should be aware 
of the substantial interassay differences in quantitative
results.

The lack of FDA-cleared test kits for HBV DNA places
increased burden on laboratories to verify the test per-
formance characteristics. Unfortunately, there are no
formal proficiency surveys for HBV nucleic acid tests,
although control and reference materials are available from
several companies.

Serum and plasma, with EDTA or citrate dextrose as an
anticoagulant, are acceptable specimens for most nucleic
acid tests for HBV. In the absence of stability data, samples
for nucleic acid testing should be processed to separate
blood cells from the plasma or serum within 6 hours of col-
lection and either tested within 24 hours or stored at –70°C.
In one study HBV DNA was stable in separated serum
samples for at least 5 days when specimens were stored at
4°C.23

Future Directions

As more antiviral agents for treatment of HBV are devel-
oped, the key surrogate endpoints that will be used are sup-
pression of serum HBV DNA levels and prevention of the
development of antiviral resistance. Long-term suppres-
sion of viral replication is associated with both biochemi-
cal and histological improvement in liver disease. These
factors make the development, clinical evaluation, and
availability of reliable, standardized quantitative tests for
HBV DNA a major priority for the near future. Similarly,
increased emphasis will be placed on characterization of
drug resistance mutants and HBV genotyping to assist 
with clinical management of patients as new drugs are
developed.
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HEPATITIS C VIRUS

HCV is an RNA virus with a positive-sense, single-stranded
genome of approximately 9500 nt encoding a single
polyprotein of about 3000 amino acids. The long open
reading frame is flanked at each end by a short untrans-
lated region (UTR). The genome structure is most similar
to viruses of the family Flaviviridae, which includes many
of the arthropod-borne viruses.As in other flaviviruses, the
three N-terminal proteins of HCV (core, envelope 1, and
envelope 2) are probably structural and the four C-
terminal proteins (nonstructural 2, 3, 4, and 5) are thought
to function in viral replication.

The 5′ UTR is a highly conserved region of 341 nt and
has a complex secondary structure. It contains an internal
ribosome entry site and presumably is important in the
translation of the long open reading frame. The 3′ UTR
contains a short region that varies in sequence and length,
followed by a polypyrimidine stretch of variable length,
and finally a highly conserved sequence of 98 nt, which
constitutes the terminus of the genome. The function of the
3′ UTR is not known but is thought to be essential for viral
replication.

The envelope 1 (E1) and 2 (E2) regions of HCV are the
most variable regions within the genome at both the
nucleotide and amino acid levels. Two regions in the E2,
called hypervariable regions 1 and 2 (HVR1 and HRV2),
show extreme sequence variability, which is thought to
result from selective pressure by antiviral antibodies. E2
also contains the binding site for CD81, the putative HCV
receptor or coreceptor.

The nonstructural regions 2 (NS2) and 3 (NS3) contain
a Zn-dependent autoprotease that cleaves the polyprotein
at the NS2-NS3 junction. The aminoterminal portion of
the NS3 protein also is a serine protease that cleaves the
polyprotein at several sites. The carboxyterminal portion
of the NS3 protein has helicase activity, which is important
for HCV replication. The NS4A protein is a cofactor for 
NS3 serine protease. The NS5B region encodes the RNA-
dependent RNA polymerase, which replicates the viral
genome. A region in NS5A has been linked to response to
IFNα and is therefore called the IFNα-sensitivity deter-
mining region (ISDR).

HCV Genotypes

The first complete HCV genome sequence was reported by
Choo et al. in 1991.24 As additional genome sequences from
isolates from different parts of the world were determined
and compared, it was evident that HCV exists as distinct
genotypes with as much as 35% sequence diversity over the
whole viral genome.25 Much of the early literature on geno-
typing is confusing because investigators developed and
used their own classification schemes. However, a consen-
sus nomenclature system was developed in 1994. In this
system the genotypes are numbered using Arabic numer-

als in order of their discovery, and the more closely related
strains within some types are designated as subtypes with
lowercase letters. The complex of genetic variants found
within an individual isolate is termed the “quasispecies.”
The quasispecies result from the accumulation of muta-
tions that occur during viral replication in the host.
The terminology and degree of nucleotide similarity that
define the relationships of HCV variants are given in 
Table 37-3.

Six major HCV genotypes have been identified.
Sequence analysis of the E1 region suggested that HCV
could be grouped into six major genotypes and 12 sub-
types.26 The same investigators sequenced 573 nt of the
core region of the same isolates to confirm this
classification scheme.27 Simmonds et al.28 also were able to
classify HCV isolates into the same six major genotypes
and numerous subtypes using sequence analysis of the
NS5B region. Analyses of full-length open reading frame
sequences have confirmed the original classification
scheme based on analyses of individual gene regions.29

Genome sequence analysis of HCV isolates from South-
east Asia have led some authors to propose new major
genotypes 7, 8, 9, 10, and 11.30,31 However, other investiga-
tors suggested that these variants could be classified within
the six major genotypes originally described.32 Under this
scheme, genotype 10 is a divergent subtype of genotype 3,
and genotypes 7, 8, 9, and 11 are divergent subtypes of
genotype 6.

HCV genotypes 1, 2, and 3 are found throughout the
world, but there are clear differences in their distribution.33

HCV subtypes 1a, 1b, 2a, 2b, 2c, and 3a are responsible for
more than 90% of infections in North and South America,
Europe, and Japan. In the United States, type 1 accounts for
approximately 70% of the infections with equal distribu-
tion between subtypes 1a and 1b. In Japan, subtype 1b
causes more than 70% of HCV infections. Although sub-
types 2a and 2b have wide distributions in North America,
Europe, and Japan, subtype 2c is widespread in a region of
northern Italy. HCV subtype 3a is common among intra-
venous drug users in the United States and Europe. Other
subtypes of genotype 3 are common in Nepal, Bangladesh,
India, and Pakistan.

Genotype 4 is prevalent in North Africa and the Middle
East, and genotypes 5 and 6 are limited to South Africa 

Table 37-3. Terms Describing Genomic Heterogeneity of HCV

% Nucleotide
Term Definition Similarity*

Genotype Heterogeneity among different 66–69
viruses

Subtype Closely related viruses within 77–80
each genotype

Quasispecies Complex of genetic variants 91–99
within individual viruses

Source: Adapted from Zein NN. Clinical significance of hepatitis
C virus genotypes. Clin Microbiol Rev. 2000;13:223–235.
*Full-length genome sequence identity.
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and Hong Kong, respectively.28 Subtype 4a constitutes the
majority of infections in Egypt, and this and other sub-
types of genotype 4 are found in Zaire and Gabon. Subtype
5a is a particular problem in South Africa, where some
reports indicate that it is responsible for more than 50% of
infections. Subtype 6a infections are common in Hong
Kong. The isolates classified as genotypes 7, 8, and 9 by
some investigators have been found only in Vietnamese
patients.31 Putative genotypes 10 and 11 have been
identified only in patients from Indonesia.30

The retrospective nature of most of the studies makes it
difficult to determine the role of genotype as a risk factor
for disease progression and to separate it from other
known risk factors, such as older age at infection, male
gender, alcohol consumption, and concurrent viral infec-
tion. However, in two prospective studies, viral genotype
did not correlate with disease progression.34,35

Clinical Utility

HCV RNA Detection and Quantitation

Detection of HCV RNA in serum or plasma by nucleic acid
amplification methods is important for confirming the
diagnosis of HCV, distinguishing active from resolved
infection, assessing the virologic response to therapy, and
screening the blood supply. These tests are incorporated
into diagnostic algorithms for HCV proposed by the
National Institutes of Health,36 the CDC,37 European Asso-
ciation of the Study of the Liver,38 and National Academy
of Clinical Biochemistry.39

The detection of HCV RNA in the plasma or serum is the
earliest marker of infection, appearing 1 to 2 weeks after
infection and weeks before the appearance of alterations in
liver enzyme levels or anti-HCV antibodies. Approximately
80% of individuals infected with HCV will be chronically
infected with the virus. In antibody-positive individuals,
HCV RNA tests can distinguish active from resolved infec-
tions.In patients with a high pretest probability of infection,
a positive serological screening test is usually “confirmed”
with a qualitative test for HCV RNA rather than the supple-
mental recombinant immunoblot assay (RIBA). This strat-
egy is cost-effective and more informative than using the
RIBA to confirm positive antibody screening tests in a diag-
nostic setting. It is important to remember that the RIBA
confirms the presence of antibody, whereas an HCV RNA
test detects the presence of the virus.

The CDC recently developed guidelines for HCV anti-
body testing in which the signal to cutoff (s/co) ratio of
the serological screening test can be used effectively to
determine which screening test results need supple-
mental testing for confirmation.40 Screening enzyme-
linked immunoassay results with s/co ratios ≥3.8 predict a
RIBA-positive result >95% of the time in all populations
tested. Consequently, supplemental testing is required only
for those screening tests with low s/co ratios. Either a RIBA

or an HCV RNA test can be used for confirmation, but all
negative HCV RNA tests should be followed by a RIBA
since a single negative RNA test does not rule out infection.
Confirmation of an HCV antibody screening test is impor-
tant to ensure that further clinical evaluation is limited to
those patients who are truly antibody positive and to
reduce psychological stress on patients who test falsely
positive for antibody.

HCV RNA testing also is helpful for the diagnosis of
infection in infants born to HCV-infected mothers, due 
to persistence of maternal antibody, and in immuno-
compromised or debilitated patients who may have blunted
serological responses. A qualitative HCV RNA test also
should be used for patients suspected of having an acute
infection and in patients with hepatitis of no identifiable
cause.

Qualitative HCV RNA tests are the most reliable means
of identifying patients with active HCV infection. A nega-
tive HCV RNA test in a serologically positive individual
may indicate that the infection has resolved or that the
viremia is intermittent. Up to 15% of chronically infected
individuals may have intermittent viremia and, as a result,
a single negative HCV RNA determination may not be
sufficient to exclude active infection when the index of clin-
ical suspicion is high.41 In these individuals a second spec-
imen should be collected and tested.

IFN-based regimens, either IFN in combination with rib-
avirin or IFN monotherapy for those patients who cannot
tolerate ribavirin, are the standard treatment for patients
with chronic HCV infection. Because these regimens
produce sustained virological responses in only about half
of the patients treated, are of long duration (24 to 48
weeks), and are associated with significant adverse events,
early identification of patients who are likely or unlikely to
respond to treatment is desirable.

Early clearance of HCV RNA as assessed with a sensitive
assay or a rapid decline in HCV RNA levels during the early
treatment period is predictive of sustained virological
response among patients receiving either standard or
pegylated IFN alone, and pegylated IFN plus ribavirin.42,43

Patients who have detectable or less than a 2 log10 decrease
in viral RNA levels after 12 weeks of treatment have a
minimal chance of achieving a sustained virological
response (negative predictive value of 98%).

In contrast, early viral kinetics are less predictive of sus-
tained virological response among patients treated with
standard IFN and ribavirin because late responses are seen
in some patients. Thus, discontinuing therapy in patients
based on a positive HCV RNA test early in treatment would
deny the treatment to a substantial number of patients 
who would achieve a sustained response. The virological
response to combination therapy with IFN and ribavirin
should be assessed after 24 weeks of therapy with a sensitive
(≤50 IU/ml) qualitative assay for HCV RNA.44 Individuals
with a positive qualitative RNA test after week 24 of therapy
are considered treatment failure and therapy is discontin-
ued. Therapy also can be safely stopped at 24 weeks in
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patients infected with HCV genotypes 2 and 3 who have a
negative HCV RNA test,because there is no benefit to longer
therapeutic regimens. However, an additional 24 weeks of
therapy is recommended for patients infected with other
genotypes, even with a negative qualitative HCV RNA test.
In addition, a qualitative HCV RNA test should be per-
formed 24 weeks after completion of treatment in all
patients to establish if a sustained virological response was
achieved regardless of the treatment regimen.

The use of anti-HCV antibody tests to screen the blood
supply has dramatically reduced the risk of transfusion-
associated HCV infection in developed countries. The risk
in the United States from blood that is negative for anti-
HCV antibodies is less than 1 in 103,000 transfused units.45

To drive the risk of infection even lower, blood donor pools
are currently tested for the presence of HCV RNA.46 The
serologic screening tests for HCV have a 70-day window
period of seronegativity, and antigen detection tests are not
yet available for blood bank screening. It is estimated that
HCV RNA testing will reduce the detection window by 25
days and reduce the number of infectious units from 116
to 32 per year.47

An enzyme immunoassay (EIA) for the detection and
quantitation of total HCV core antigen in serum has
recently been developed and is available as a research-use-
only test (Ortho Trak C, Ortho Clinical Diagnostics,
Raritan, NJ). This test significantly shortens the serologi-
cally silent window period using seroconversion panels,
and its performance correlates closely with RNA detection
tests in blood donors.48,49 However, the analytical sensitiv-
ity is less than most RNA tests, at approximately 20,000
IU/ml. The analytical sensitivity of the core antigen test is
too high to be used in the monitoring of late events during
and after treatment.50 Antigen detection may represent a
cost-effective alternative to HCV RNA testing to distin-
guish active from resolved infections in resource-poor 
settings.

HCV viral load testing is useful in pretreatment evalua-
tions of patients being considered for therapy, since a viral
load of less than 2 × 106 copies/ml (800,000 IU/ml) is one
of several predictors of achieving a sustained virological
response.51,52 Other factors associated with achieving a sus-
tained response to therapy include the absence of cirrho-
sis, age less than 40 years, female gender, white race, and
viral genotype other than 1. Viral load testing also can be
used in an early assessment of viral kinetics in patients
treated with IFN alone or with pegylated IFN plus rib-
avirin.42,43 Patients who fail to achieve less than a 2 log10

decline in viral load with treatment have little chance 
of achieving a sustained virological response to these 
therapies.

HCV viral load does not predict disease progression and
is not associated with severity of liver disease.53 This is in
sharp contrast to HIV-1, in which the viral load is the prin-
cipal factor determining the rate of disease progression.
Monitoring HCV viral load in untreated patients is not
warranted and should be discouraged.

HCV Genotyping

Sequence analysis of variable regions of the HCV genome
has been used to investigate outbreaks of infection and to
study modes of transmission. Two large outbreaks of infec-
tion associated with contaminated lots of anti-rhesus D
immunoglobulin (anti-D) in Ireland and Germany were
investigated using molecular typing.54,55 In both studies,
sequence analysis showed that the virus infecting the
women was the same as that found in the implicated
batches of anti-D. In another report, sequencing part of the
NS3 region provided evidence of patient-to-patient trans-
mission during colonoscopy.56 Sequence analysis also is
becoming a routine part of investigations of HCV infec-
tions associated with blood transfusions. In addition,
molecular analysis has been used to study vertical and
sexual transmission of HCV.57–60

Although a number of baseline factors are predictive of
response to treatment of chronic hepatitis C infection,
HCV genotype is the strongest and most consistent pre-
dictor for achieving a sustained virological response. In the
large clinical trials of combination therapy with IFN and
ribavirin, only 30% of patients infected with genotype 1
had a sustained response compared to 65% of patients
infected with genotypes 2 or 3.51,52 Too few patients infected
with genotypes 4, 5, and 6 were included in the clinical
trials to adequately assess the likelihood of therapeutic
response with these genotypes.

In practice, HCV genotype can be used in tailoring the
duration of therapy to individual patients. In an algorithm
proposed by Poynard et al.,44 the five independent predic-
tors of sustained virological response are considered at the
end of 24 weeks of combination therapy. The predictors of
sustained response are HCV genotype other than 1, viral
load of <2,000,000 copies/ml, age <40 years, female gender,
and no or only portal fibrosis on liver biopsy. If HCV RNA
is still detectable in the serum at the end of 24 weeks of
therapy, then the patient is unlikely to benefit from an addi-
tional 24 weeks of IFN and ribavirin, and therapy can be
stopped. However, if the HCV RNA is undetectable after 24
weeks of therapy and the patient has fewer than four favor-
able factors, then therapy should be continued for an addi-
tional 24 weeks since these patients may obtain benefit
from additional therapy. Conversely, therapy can be safely
stopped if the patient has four or five favorable factors and
is HCV RNA undetectable at 24 weeks. This algorithm
ensures that only those patients who may benefit from 48
weeks of therapy have to endure it.

There is considerable interest in identifying isolates
within a genotype that exhibit different responses to IFN.
For example, Enomoto et al.61 found that genotype 1b iso-
lates in Japan identical to the HCV-J prototype strain
within the carboxyterminal part of the NS5A protein were
resistant to IFN. In contrast, patients infected with geno-
type 1b strains with mutations within this region had a
better response to IFN. This region of amino acids 2209 to
2248 in the NS5A protein has been termed the interferon-
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sensitivity-determining region (ISDR). The same group
recently confirmed and extended their observations. They
found that sustained response rates correlated with the
number of mutations in the ISDR with a larger group 
of patients and identified the mutation sites within the
ISDR that were significantly associated with sustained
response.62 Although these results have been confirmed for
Japanese isolates, in studies of patients from other coun-
tries the majority of IFN-sensitive isolates showed no or
only a few mutations in the ISDR.5,63,64 The reasons for the
different findings are not clear but may involve racial, viro-
logical, or other factors.

Available Assays

A variety of test kits for detection or quantitation of HCV
RNA are available commercially (Table 37-4). These assays
are based on traditional reverse transcription–polymerase
chain reaction (RT-PCR), transcription-mediated ampli-
fication (TMA), bDNA, or, most recently, real-time RT-PCR
technologies.

Qualitative Detection HCV Assays

There are currently two FDA-cleared qualitative HCV RNA
test kits available for diagnostic use, the Amplicor HCV test
v2.0 (Roche) and the Versant HCV RNA qualitative test
(Bayer).

The Amplicor HCV test v2.0 is based on RT-PCR
amplification of a portion of the 5′ UTR and has an ana-
lytical sensitivity of 50 IU/ml.65 The test incorporates an
internal control to detect PCR inhibitors and deoxyuridine
triphosphate (dUTP) and uracil-N-glycosylase in the reac-
tion mixture to prevent false positives due to amplicon 
carryover. The test is available in two formats, a manual
microwell plate assay and a semiautomated assay designed
for the COBAS instrument. The performance characteris-
tics of the Amplicor HCV tests are well established66 and
are the most commonly used qualitative HCV RNA tests 
in clinical laboratories participating in the proficiency-
testing surveys of the College of American Pathologists.

The Versant HCV RNA qualitative test also targets the 5′
UTR but uses TMA to amplify the targeted region. The ana-
lytical sensitivity of the Versant HCV RNA assay is 5 IU/ml.
The increase in analytical sensitivity over the Amplicor
tests is due in part to the larger sample volume (500 µl
versus 200 µl) and the use of a specific target capture step
to isolate HCV RNA rather than total RNA precipitation.
This test also employs an internal control RNA to detect the
presence of amplification inhibitors.

The Versant HCV RNA assay can detect residual serum
HCV RNA in some patients with no detectable HCV RNA
as determined by the Amplicor v2.0 assay at the end of
treatment with IFN and subsequently experienced virolog-
ical relapse.67,68 However, this difference was not observed
with end-of-treatment samples from patients treated with
pegylated IFN.69 The two qualitative HCV RNA assays
demonstrated excellent concordance in a study designed to

Table 37-4. Commercially Available HCV RNA Tests

Lower Limit of
Test Kit Method Manufacturer Detection (IU/ml) Dynamic Range Clinical Application

Qualitative

Amplicor RT-PCR Roche 50 NA Diagnose active infection and assess
HCV Test v2.0* Diagnostics response to therapy

(Indiannapolis, IN)
Versant HCV TMA Bayer Corp, 5 NA Diagnose active infection and assess 

RNA Assay* (Tarrytown, NY) response to therapy
Ampliscreen RT-PCR Roche <50 NA Blood screening

HCV Test v2.0* Diagnostics 
(Indiannapolis, IN)

Procleix HIV-1/ TMA GenProbe, San <50 NA Blood screening
HCV Assay* (Diego, CA)

Quantitative

Amplicor RT-PCR Roche Diagnostics 600 2.9 log10 Determine duration of therapy and 
HCV Monitor (Indiannapolis, IN) early prediction of therapy 
Test v2.0 failure

Versant HCV bDNA Bayer Corp 615 4.1 log10 Determine duration of therapy and 
RNA Assay v3.0* (Tarrytown, NY) early prediction of therapy failure

TaqMan HCV Real-time Roche Diagnostics 10 6.0 log10 Diagnose active infection, assess 
Analyte Specific RT-PCR (Indiannapolis, IN) response to therapy, determine 
Reagent Abbott Molecular duration of therapy, and

(Des Plaines, IL) early prediction of therapy failure

*FDA-cleared tests.
NA, not applicable.
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compare the performance characteristics with specimens
submitted for HCV diagnosis.70 The difference in analyti-
cal sensitivity between the two tests does not result in any
meaningful difference in clinical sensitivity when the tests
are used diagnostically, because it is rare for patients with
chronic hepatitis C infection to present for initial evalua-
tion with viral loads of less than 105 copies/ml.

The Procleix HIV-1/HCV test (GenProbe, San Diego, CA)
also uses TMA technology and is approved by the FDA for
the screening of blood products.71 The Ampliscreen HCV
RNA test v2.0 is an RT-PCR assay (Roche) designed for
blood screening that is based on the Amplicor HCV 
test. Both assays have analytical sensitivities of less than 
50 IU/ml.

Quantitative HCV Assays

Currently there are several commercially available and
proprietary laboratory-developed methods used to quanti-
tate HCV RNA levels in patients. The Versant HCV RNA
Assay v3.0 (Bayer Corp.),72 which is FDA approved, and the
Amplicor HCV Monitor Test v2.0 (Roche Diagnostics)65 are
the most widely used commercially available assays. The
HCV Superquant is a proprietary RT-PCR assay developed
by National Genetics Institute (Los Angeles, CA), which has
been used by many investigators in clinical trials of treat-
ment for HCV.

The Amplicor HCV Monitor test v2.0 is a quantitative
RT-PCR assay that amplifies the same target region as the
qualitative Amplicor HCV test. The assay uses an internal
quantitation standard to calculate the amount of HCV RNA
in a sample. The assay has a sensitivity of 600 IU/ml and a
2.9 log10 dynamic range. Specimens with values greater
than the upper limit of quantitation (500,000 IU/ml) can be
diluted 100-fold and retested as recommended by the man-
ufacturer. The Amplicor HCV Monitor test is available in
both manual microwell plate and semiautomated COBAS
instrument formats.

The Versant HCV RNA Assay v3.0 is based on bDNA
technology. The sensitivity of the Versant HCV RNA Assay
v3.0 is 615 IU/ml, with a 4.1 log10 dynamic range. A number
of changes to the design of the v3.0 test improved both the
sensitivity and specificity over the v2.0 test. These include
an increased number of capture probes, improved probe
design, the use of nonnatural synthetic nucleotides in
detection probes, and redesigned label extenders. The
System 340 bDNA analyzer automates all incubations, wash
steps, readings, and data analysis. The instrument can
process two 96-microwell plates per run.

Overall, the results of the Versant HCV RNA Assay v3.0
and the Amplicor HCV Monitor Test v2.0 have been found
to be in substantial agreement.72,73 The results of the
Amplicor Monitor test are reported as IU/ml and those of
the Versant assay are reported as either copies/ml or IU/ml.
Both tests are free of significant HCV genotype bias and
have similar analytical sensitivities. The Versant results

tend to be more precise than the Amplicor Monitor results,
but the Amplicor Monitor test is better able to discriminate
low-positive from negative specimens. The Versant assay
has a much greater dynamic range than the Amplicor
Monitor test; however, a pretest sample dilution permits
quantification of high viral load specimens by the
Amplicor Monitor test. The throughput and level of
automation are much greater with the Versant assay than
with the Amplicor Monitor test.

A number of TaqMan RT-PCR assays for detection and
quantitation for HCV RNA have been described.74 These
tests have sensitivities comparable to qualitative tests, have
a broad dynamic range, and provide precise quantitation
of viral load. These tests also generate results more rapidly
than conventional RT-PCR assays and are not prone to
amplicon carryover contamination since the amplification
and detection steps are combined in a single closed tube.
With the development of real-time RT-PCR, clinical labo-
ratories will no longer need to have separate qualitative
and quantitative assay formats for HCV RNA to achieve
both high sensitivity and broad dynamic range. Roche 
and Abbott manufacture TaqMan HCV analyte-specific
reagents that contain the necessary HCV-specific primers,
dual-labeled fluorescent HCV and HCV quantitation stan-
dard specific probes, enzyme, and dNTPs for the detection
and quantitation of HCV RNA.75,76

HCV Genotyping Assays

A variety of laboratory-developed and commercial assays
are used for HCV genotyping. The methods include nucleic
acid sequencing, reverse hybridization, subtype-specific
PCR, DNA fragment length polymorphism, heteroduplex
mobility analysis, melting curve analysis and serological
genotyping. The FDA has not cleared any of these methods
for clinical diagnostic use.

A commercially available reverse hybridization line
probe assay is the most commonly used method for geno-
typing HCV among clinical laboratories participating in the
HCV proficiency-testing surveys of the College of Ameri-
can Pathologists. This reverse hybridization assay was
developed by Innogenetics to genotype HCV and is now
marketed as the Versant HCV Genotype Assay by Bayer. In
this line probe assay (LiPA), biotinylated PCR products
from the 5′ UTR are hybridized under stringent conditions
with 19 type- and subtype-specific oligonucleotide probes
attached to a nitrocellulose strip. Hybridized PCR products
are detected with a streptavidin-alkaline phosphatase con-
jugate. The second-generation assay discriminates among
genotypes 1a, 1b, 2a/c, 2b, 3a, 3b, 3c, 4a–h, 5a, and 6a.77 The
results from the Versant HCV Genotype LiPA Assay corre-
late well with results obtained by direct sequencing assays
of the 5′ UTR and other genes in published evaluations, but
may not distinguish between genotypes 1a and 1b in 5% to
10% of cases, and does not distinguish between genotypes
2a and 2c.32,59,78,79 The LiPA is the most common method
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used in clinical laboratories for HCV genotyping because it
can be used with amplicons from both the qualitative and
quantitative Amplicor HCV tests, and is easy to perform and
interpret. Mixed genotype infections are easily recognized
as unusual patterns of hybridization with the typing probes.
However, the LiPA requires a considerable amount of ampli-
con for typing, and the assay may regularly fail when the
viral load is less than 104 copies/ml.

Sequence analysis of amplified subgenomic sequences 
is the most definitive way to genotype HCV strains.
Genotyping schemes based on sequencing variable genes
such as E1,C,and NS5B provide enough resolution to deter-
mine types and subtypes.26–28 The 5′ UTR is too highly con-
served to discriminate all subtypes reliably.59 Genotyping
methods targeting highly variable regions have higher
failure rates due to primer mismatches and failed
amplification reactions. Sequencing reactions can be per-
formed directly on PCR products or on cloned amplicons.
Mixed infections with multiple genotypes may be missed
with direct sequence analysis. Definitive detection of mixed
infections requires analysis of a large number of clones.
Cloning may, however, emphasize artifactual nucleotide
substitutions introduced by the DNA polymerase during
amplification or by selection during the cloning procedure,80

and is generally not practical for the clinical laboratory.
A standardized direct sequencing system has been

recently developed for clinical use by Visible Genetics
(Suwanee, GA) and now marketed by Bayer. The Trugene
HCV 5′NC genotyping kit targets the 5′ UTR (nt 96 to 282)
and employs proprietary single-tube chemistry that is
robust and highly sensitive. This method can be used 
with the 244 bp amplicon generated by either the Roche
Amplicor HCV or Amplicor HCV Monitor tests as the
sequencing template after a column purification step.81 The
sequencing chemistry produces bidirectional sequences.
The software acquires the sequence data in real time, and
each pair of forward and reverse sequences is combined. A
reference sequence library module contains approximately
200 sequences from the six major genotypes and 24 sub-
types of HCV. The software automatically aligns the patient
HCV sequence with the reference sequences in the library
and reports type, subtype, and closest isolate determina-
tions. The Trugene HCV 5′NC genotyping system is a rapid
and reliable method for determining HCV genotypes but,
like all approaches targeting the conserved 5′ UTR, cannot
reliably distinguish all HCV subtypes.36,48,81,82

The practice of using sequence analysis of a single
subgenomic region for HCV genotyping has recently been
challenged by the description of a naturally occurring
intergenotypic recombinant of two HCV genotypes.83 This
virus was found in patients in St Petersburg, Russia, and
was assigned to two different genotypes, 2 and 1, by
sequence analysis of the 5′ UTR and the NS5B region,
respectively. The crossover point for the genome was
mapped within the NS2 region. The extent to which such
viruses occur in other patient populations is largely
unknown.

A DNA EIA (Sorin Biomedica, Saluggia, Italy) for HCV
genotyping is based on hybridization of denatured ampli-
con from the core region to genotype-specific probes that
are bound to the wells of a microtiter plate. Mouse mono-
clonal antibodies to double-stranded DNA are used to
detect the hybrids. The results of the DNA EIA were highly
concordant with the results of other genotyping methods
in two evaluations.79,81

A variety of laboratory-developed methods have been
used to genotype HCV, including subtype-specific PCR,25

primer-specific and mispair extension analysis,84 nested
restriction site–specific PCR,85 restriction fragment length
polymorphism,86 heteroduplex mobility analysis,87 and
melting-curve analysis with fluorescence resonance energy
transfer probes.88,89

Genotype-specific antibodies directed against the
immunodominant epitopes in NS4 have been used to
develop serotyping or serological genotyping tests. Two
serological genotyping tests are commercially available.An
NS4 recombinant immunoblot assay (Chiron Corporation,
Emeryville, CA) uses synthetic proteins from the NS4 and
core regions to discriminate among HCV genotypes 1, 2,
and 3.90 The competition enzyme-linked immunoassay
(Murex Diagnostics Ltd, Dartford, UK) uses eight branched
synthetic peptides to detect genotype-specific anti-NS4
antibodies to discriminate among HCV genotypes 1 to 6.14

The high degree of cross reactivity among genotypes to
these synthetic peptides necessitates absorbing the cross-
reacting antibodies with an excess of heterologous pep-
tides in solution prior to use. Both of these serologic assays
lack sensitivity and specificity as compared with direct
sequencing or the Versant HCV Genotype LiPA Assay for
HCV genotyping; however serological genotyping is inex-
pensive, is simple to perform, and lends itself well to large
epidemiological studies. It is the only way to determine the
genotype of a virus in patients with low-level viremia or
who have cleared their infection, as well as for specimens
in which the RNA has been destroyed by improper 
handling.

Interpretation of Test Results

The presence of HCV RNA in serum or plasma defines
active infection, and HCV RNA is usually detectable within
the first week after exposure. However, a single negative
HCV RNA test result does not exclude the possibility of
active infection because viremia may be intermittent in
some chronically infected patients. An HCV RNA test may
be the only evidence of infection in individuals with false-
negative antibody tests. False-negative HCV antibody tests
can occur in HIV-1 infected individuals, patients undergo-
ing hemodialysis, and patients with HCV-associated essen-
tial mixed cryoglobulinemia.91–93

In addition to HCV diagnosis, qualitative HCV RNA tests
are used to assess virological response to therapy. A nega-
tive HCV RNA test at the completion of therapy defines an
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end-of-treatment response (ETR), and a negative test 6
months after the completion of therapy defines a sustained
virological response (SVR).

HCV RNA quantitation is useful in planning duration of
therapy and in predicting the likelihood of response to
treatment. Patients with high HCV RNA levels tend to
respond less well to IFN and ribavirin, but lengthening the
course of therapy from 24 to 48 weeks more than doubles
the response rate. Patients with viral loads greater than
800,000 IU/ml are considered to have high HCV RNA levels.
HCV viral load does not predict disease progression, is not
correlated with disease severity, and, consequently, should
not be routinely monitored in untreated patients.

Viral load testing can be used in an early assessment of
viral kinetics in patients undergoing treatment with IFN
and ribavirin. Patients who fail to achieve at least a 2 log10

decline in viral load after 12 weeks of treatment have little
chance of an SVR and therapy should be discontinued.

Viral genotyping, like viral load, helps predict the
outcome of therapy and determine its duration. Currently,
the only clinically relevant distinction for patients under-
going therapy is between genotype 1 and other genotypes.
Patients with a genotype 1 infection require higher doses
of ribavirin and treatment for 48 weeks rather than 24
weeks to increase the likelihood of an SVR. There is no
proven association between genotype and disease progres-
sion or severity, so genotyping should be reserved for those
patients being considered for treatment. Routine determi-
nation of HCV subtypes (e.g., 1a or 1b), other than for epi-
demiological purposes, is not warranted.

In summary, a qualitative HCV test is used for the initial
evaluation of HCV antibody-positive individuals to distin-
guish active from resolved infections. Before initiating
treatment,HCV viral load and genotype tests are performed
to determine the dosing and length of treatment. After 12
weeks of treatment, the HCV viral load is measured to
confirm at least a 2 log10 decline in viral load, which will be
used to decide whether to continue or terminate treatment.
At the end of either 24 or 48 weeks of treatment, a negative
qualitative HCV test defines an ETR, and a negative qualita-
tive test 6 months after the end of treatment defines an SVR.
Assays with a limit of detection of ≤50 IU/ml should be used
to define ETR and SVR to avoid misclassifying therapeutic
outcomes. For patients not achieving an SVR, there is little
experience with retreatment.

Laboratory Issues

The use of internal controls for a test increases the
confidence in negative HCV RNA test results and elimi-
nates concerns that the test is falsely negative because of
the presence of amplification inhibitors in the sample or
poor recovery of the viral RNA. In a large clinical trial of
the Amplicor HCV test v2.0, the failure rate for the internal
control was only 1.1%.66 False-negative results may occur
with PCR-based tests if blood samples are collected

through central lines due to contamination with heparin.
False-negative HCV RNA results also may occur if the spec-
imen was not processed or stored appropriately due to the
lability of the viral RNA. Serum or plasma should be sep-
arated from the cellular components of blood within 6
hours of collection to avoid significant loss of HCV RNA.
Once separated, the sample is stable for 3 days at 4°C.
Storage for longer periods should be at −70°C.

False-positive HCV RNA tests can result from contami-
nation of the sample with HCV target RNA or amplicon.
The widely used Amplicor HCV test employs the uracil-N-
glycolase/dUTP protocol and an equivocal zone for low-
level results to limit the number of false-positive test
results. Real-time RT-PCR tests for HCV RNA eliminate the
risk of amplicon carryover contamination because both
amplification and detection are accomplished in a sealed
reaction tube.

Much has been written about the lack of agreement and
the genotype bias of early commercially available versions
of the HCV quantitative assays. The development the WHO
First International HCV RNA standard and its acceptance
by the manufacturers of these assays as a calibrator was a
significant advance in HCV RNA quantitation.94 As a result,
viral load values obtained with current versions of the
Amplicor Monitor and Versant quantitative tests are in
much better agreement and are largely interchangeable.
The remaining disagreement probably results from differ-
ences in the dynamic ranges of the assays. The agreement
between results for high viral load samples can be
improved if the samples are diluted 1 : 100 prior to testing
with the Amplicor Monitor assay.

Both the current versions of the Amplicor Monitor and
Versant quantitative tests are free of significant genotype
bias due to improvements in assay design. The Versant 
test is more amenable to high-volume testing and is less
labor-intensive than the Amplicor Monitor test, while the
Amplicor Monitor test may have advantages for laborato-
ries with a lower test volume. Recently a sample prepara-
tion instrument, the COBAS Ampliprep, was developed to
automate the cumbersome manual sample preparation
method used for the Amplicor Monitor test. The automated
sample preparation protocol compared favorably to the
manual protocol for use with the COBAS Amplicor HCV
Monitor test v2.0 in a recent clinical evaluation.95

Unfortunately, there is a trade-off between sensitivity
and dynamic range for most of the HCV RNA tests cur-
rently used in clinical laboratories. As a result, most labo-
ratories have separate qualitative and quantitative tests.
The analytical sensitivities of the Amplicor Monitor and
Versant quantitative tests are inadequate for assessing ETR
or for reliable diagnostic use for some untreated chroni-
cally infected patients with low viral loads. Maintaining
multiple assay formats for the same virus is costly for the
laboratory and often confusing to the ordering physician.
The best hope for unifying the HCV RNA assay platforms
lies in the real-time PCR methods, which combine the sen-
sitivity required for diagnosis and assessment of treatment
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response with the broad dynamic range required for viral
load determinations.

Genotyping schemes based on variable subgenomic
regions such as E1, core, and NS5B provide enough resolu-
tion to reliably determine HCV types and subtypes;
however, the 5′ UTR is too conserved for accurate discrim-
ination of all subtypes.59 Nevertheless, the conserved
nature of this region makes it the preferred target for
pangenomic HCV RNA detection tests, and sequence
analysis of amplicons from these tests is an efficient way to
genotype HCV in a clinical laboratory since both tests can
be completed with the product from a single amplification
reaction. The genotyping results obtained using 5′ UTR
amplicons are highly accurate at the genotype level but are
not accurate for identifying different subtypes.48,82,96

The widespread use of tests not cleared by the FDA for
HCV RNA quantitation and genotyping has placed an
increased burden on clinical laboratories to verify the per-
formance characteristics of these tests prior to clinical use.
When validating HCV tests, laboratories should take
advantage of the published evaluations and commercially
available panels for HCV RNA quantitation and genotyp-
ing to streamline the verification process.

The College of American Pathologists has a well-
established proficiency-testing program for laboratories
performing tests for detection, quantitation, and charac-
terization of HCV RNA. These surveys have shown a steady
improvement in the performance of laboratories over 
time that probably reflects progress in both the available
technologies and laboratory practices.

Future Directions

Although the incidence of new HCV infections in the
United States is declining, the number of individuals
infected for more than 20 years who are at risk for serious
complications is expected to increase until about the year
2015. In the 15 years since the discovery of HCV, the major
route of transmission through blood transfusion has all but
been eliminated, improvements in therapy have resulted in
better response rates, and molecular tests have proven
invaluable in the diagnosis and management of patients
with HCV. As new therapies evolve and laboratory assays
change, the clinical relevance and use of laboratory tests
will evolve.
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with asymptomatic infection without evidence of clinical
disease. Methods to improve clinical specificity of molecu-
lar tests have been developed and are discussed here.

One of the biggest challenges facing laboratories and 
clinicians is the lack of standardized molecular assays. A
limited number of commercial test kits are available, and
even fewer have been approved or cleared by the Food and
Drug Administration (FDA). A large number of molecular
assays currently in use have been developed by individual
laboratories. The performance characteristics of these
assays vary widely due to differences in specimen type,
target sequence, limit of detection, and quantitative stan-
dard.As a result, values obtained from different laboratory-
developed assays may not be comparable, which makes it
very difficult to establish interpretive guidelines that can be
applied broadly in clinical practice.

This chapter reviews the molecular tests that are avail-
able to detect and quantify cytomegalovirus (CMV), BK
virus (BKV), hepatitis C virus (HCV), Epstein-Barr virus
(EBV), and human herpes virus type 6 (HHV-6) in trans-
plant recipients and discusses their clinical utility.

CMV

CMV remains a major cause of morbidity and mortality in
solid organ transplant (SOT) and bone marrow transplant
(BMT) recipients.1 Primary CMV infection occurs during
infancy, preschool age, and sexually active years. During
primary infection, the virus is disseminated through the
body via the bloodstream and the infection can be sub-
clinical with diffuse organ involvement. After resolution of
the primary infection, the virus remains latent in a non-
replicating state or with an undetectable level of replica-
tion. However, in immunocompromised individuals, the
virus can reactivate and result in clinical symptoms. CMV
infection of the transplant population occurs by transmis-
sion, reactivation, or superinfection with a new strain of
CMV. The clinical manifestations of CMV disease include
fever, interstitial pneumonia, chorioretinitis, hepatitis,
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Introduction

Viruses are particularly problematic pathogens in trans-
plant recipients. Viral infections not only can cause disease
but also can enhance susceptibility to opportunistic infec-
tions by both causing tissue injury and contributing to 
systemic immunosuppression. Such infections have been
shown to increase the rate of graft rejection and increase
the risk of cancer. The outcome of viral infections in the
transplant setting is the result of a balance among infection
in tissues, host antiviral immune function, and the level of
immunosuppression required to maintain graft function.
Diagnosis of viral infections in immunocompromised
patients remains a challenge due to the need to differenti-
ate asymptomatic infection from clinically relevant disease.

The use of molecular tests has greatly enhanced the
diagnosis of viral infections, in part due to the slow turn-
around time or inadequate sensitivity of conventional
diagnostic tests. Unlike conventional methods, which rely
on viral culture or antigen detection, molecular methods
detect viral nucleic acid. A number of nucleic acid–based
methods have been applied to the diagnosis of viral infec-
tion in transplant patients, and the most widely used
method is still the polymerase chain reaction (PCR),
but other methods are used with increasing frequency.
The RNA amplification methods (nucleic acid sequence–
based amplification [NASBA] and transcription-mediated
amplification [TMA]) and the signal-amplification
methods (hybrid capture and branched DNA [bDNA]) also
are available for the detection and quantitation of viral
pathogens.

Molecular methods often provide increased sensitivity,
a more rapid turnaround time, and, for some assays,
improved specimen stability and ease of use compared to
conventional methods. Even though the increased sensitiv-
ity of nucleic acid–based tests has been a major advantage,
these tests also have posed some challenges. A large
number of viral infections in transplant patients are due to
viruses that remain in a latent state after primary infection.
Nucleic acid from these viruses can be detected in patients
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esophagitis, gastritis, and colitis. Preventive strategies have
been developed for CMV disease in this patient population
and include the use of CMV-seronegative blood products,
CMV-seronegative donor selection whenever possible, and
passive immunoprophylaxis with immunoglobulin. In
recent years, prophylactic as well as preemptive treatment
with antiviral drugs has been used with good success to
reduce the risk of developing active CMV disease.1

The occurrence and severity of CMV disease in trans-
plant recipients is influenced by the type of organ trans-
planted, the CMV serostatus of the organ recipient and
donor, and the overall level of immunosuppression. Indi-
viduals who acquire their primary CMV infection while
immunosuppressed are at risk for severe disease. Sympto-
matic disease can occur in CMV-seropositive recipients
regardless of the serologic status of the donor. Further-
more, CMV-seronegative individuals who receive an organ
from a CMV-seropositive donor are at higher risk for
severe disease. The diagnostic challenge with CMV disease
is distinguishing asymptomatic infection from clinically
significant disease, because infectious virus, viral antigen,
and viral nucleic acid can be detected in patients without
clinically significant disease.2

CMV is a member of the Herpesviridae family and is a
large, enveloped, double-stranded DNA virus. Tradition-
ally, the detection and quantitation of CMV has relied on
culture and antigen detection. Urinary shedding of CMV
and even seroconversion are common but are not predic-
tive of clinically significant CMV disease. Conventional
culture methods are not sensitive enough to detect viremia
in immunocompromised patients but can be useful in
detecting CMV from respiratory secretions, urine, and
tissue samples. However, the turnaround time for conven-
tional culture results is slow, between 2 and 3 weeks, and as
a result rarely impacts clinical care. The rapid centrifuga-
tion shell vial method has greatly reduced the time for
virus detection, with positive results obtained in 24 to 48

hours, although this method lacks sensitivity for detecting
viremia. The CMV antigenemia assay is limited to the
detection of CMV in white blood cells and is more sensi-
tive than conventional culture or shell vial methods.
However, the antigenemia assay is labor-intensive and 
the sensitivity of the assay varies among different 
laboratories.2–4

Molecular biology assays have had a major impact on the
rapid diagnosis of CMV disease.5–7 The commercially avail-
able molecular tests for detection and quantitation of CMV
nucleic acid are shown in Table 38-1, two of which have
been cleared by the FDA. The Hybrid Capture test (Digene
Corp, Gaithersburg, MD) is designed to detect CMV DNA
in whole blood, while the NucliSens test (bioMerieux,
Durham, NC) utilizes NASBA technology to detect CMV
pp67 mRNA in whole blood. The NASBA assay is qualita-
tive, while the Hybrid Capture assay may be either qualita-
tive or quantitative (though it has been cleared by the FDA
only as a qualitative test).

The more widely used molecular tests are based 
on PCR methodology, either laboratory-developed or 
commercially available test kits. Furthermore, analyte-
specific reagents using real-time quantitative PCR (RQ-
PCR) technology have recently become available. The
laboratory-developed assays utilize both standard PCR and
RQ-PCR methods and their performance varies due to dif-
ferences in specimen type, nucleic acid extraction methods,
target gene, primer sequences, quantitation standard, and
detection method. These differences become quite impor-
tant in the comparison of quantitative assays since viral
load values may vary when the same sample is tested using
different assays. Such assay variation makes comparison of
results from different studies difficult, and also impedes
establishment of viral load values that correlate with clini-
cal disease. The challenges in assessing clinical performance
of molecular tests include developing an understanding 
of the analytical performance characteristics of the 

Table 38-1. Molecular Assays for the Detection of CMV

Lower Limit Upper Limit FDA 
Assay Method Target (copies/ml) (copies/ml) Test Kit Cleared

Qualitative Methods

NucliSens CMV (bioMerieux, Durham, NC) NASBA pp67 mRNA Not defined N/A Yes Yes
Hybrid Capture CMV v3.0 (Digene Corp, Hybrid capture 17% of genome 1400 N/A Yes Yes

Gaithersburg, MD)
Laboratory-developed assays PCR/ Variable Variable N/A No No

Real-time PCR

Quantitative Methods

Amplicor CMV Monitor (Roche PCR Pol gene 400 1 × 105 Yes No
Diagnostics, Indianapolis, IN)

Hybrid Capture CMV v3.0 (Digene Corp, Hybrid capture 17% of genome 1400 600,000 Yes No
Gaithersburg, MD)

Laboratory-developed assays and analyte PCR/ Variable Variable Variable No No
specific reagents (ASR) Real-time PCR

N/A, not applicable.
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different assays, determining what each test is measuring,
and assessing the clinical implications of the results.
For example, PCR assays using whole blood or leukocytes
and the Hybrid Capture test detect intracellular DNA,8

which is present in both latent and actively infected 
cells. On the other hand, PCR assays using plasma detect
DNA in circulation that is the result of active viral replica-
tion. Furthermore, the NucliSens assay detects pp67 mRNA,
which is expressed at a high level in patients with active
CMV disease but is not detectable during latent 
infection.9–11

One of the primary uses of CMV molecular testing is 
for the diagnosis of active CMV disease, which involves 
distinguishing patients with asymptomatic infection from
patients with clinically significant CMV disease. Early
studies evaluating the clinical utility of CMV DNA tests
used very sensitive qualitative assays and peripheral blood
mononuclear cells (PBMC) as the specimen of choice.
As a result, CMV DNA was detected in patients with 
CMV disease as well as in immunocompromised patients
without active disease.5,12 Several different approaches have
been used in an effort to improve the clinical specificity of
molecular tests for active CMV disease, including the use
of quantitative assays, detecting DNA in plasma rather than
whole blood or leukocytes, and detection of mRNA rather
than DNA. Several studies have proven the clinical utility
of quantitative PCR assays using plasma specimens.10,13

Quantitative methods may allow the definition of thresh-
old values that distinguish asymptomatic infection from
active CMV disease. Detection of CMV DNA in plasma
rather than in leukocytes may provide a better correlation
with clinical disease because the detection of CMV DNA in
plasma correlates with active viral replication due to the
spread of virus from leukocytes and tissue to the plasma
compartment.10 The detection of CMV DNA in plasma is
an early marker for active CMV disease in renal7 and
liver14,15 transplant recipients.

Several studies have evaluated the clinical utility of
laboratory-developed quantitative PCR assays for the diag-
nosis of CMV disease in transplant patients. Patients with
active CMV disease have consistently higher viral load
values than those with asymptomatic infection.14,16 In light
of these findings, cutoff values were proposed as a means
to discriminate infection from clinically relevant active
disease. Cutoff values associated with active disease vary by
specific assay type, as well as by the type of SOT or BMT.
Though these tests have proven to be very useful for indi-
vidual laboratories, it has been difficult to establish broadly
applicable, clinically relevant guidelines for the use of lab-
oratory-developed CMV viral load assays.

Recently several studies have evaluated the clinical
utility of two commercially available test kits, the Amplicor
CMV Monitor (Roche Diagnostics, Indianapolis, IN) and
the CMV Hybrid Capture (Digene Corp.). Humar et al.15

performed a prospective study in which weekly plasma
CMV viral load was measured in 97 liver transplant
patients during the 12 weeks after transplantation. No 

preemptive therapy was given; however, CMV-seronegative
recipients who received a CMV-seropositive liver received
12 weeks of prophylactic ganciclovir (GCV). Sixty-one of
the 97 patients developed CMV infection, defined as a pos-
itive laboratory test for CMV. Of these 61 patients, 21 devel-
oped documented CMV disease. Clinical manifestations of
CMV disease included hepatitis, CMV viral syndrome, and
esophagitis or colitis. As shown with early studies, patients
with CMV disease had a statistically significant higher
peak viral load than those with asymptomatic infection
(median peak 55,000 copies/ml vs 1820 copies/ml, respec-
tively). The predictive value of viral load testing also was
assessed by evaluating viral load values obtained at least 
3 days prior to the development of CMV disease. Using
receiver-operator characteristic curves, the authors deter-
mined that the optimal viral load for detecting clinically
significant CMV disease was between 2000 and 5000
copies/ml of plasma. As the viral load cutoff level for
detecting CMV disease was increased, there was a loss in
sensitivity but an improvement in specificity.

Two therapeutic approaches are used to prevent CMV
disease in transplant patients who are at risk for CMV
disease, prophylactic treatment and preemptive treatment.
Prophylactic therapy is the treatment of all patients con-
sidered to be at risk for CMV disease without the use of
molecular testing, without further stratification of risk.
Prophylactic therapy is based on the assumption that the
entire population is at substantial risk of infection and
merits preventive treatment. Thus, the use of prophylactic
therapy involves treatment of a large number of patients.
Preemptive therapy is used for at-risk patients who are
positive for CMV by a laboratory test. Molecular CMV
assays are commonly used to make decisions concerning
the administration of preemptive therapy.12,15,17–21 For
example, all at-risk patients would be tested for the pres-
ence of CMV DNA in their blood, and only those with a
positive result would be treated. The use of preemptive
therapy focuses preventive treatment on a subgroup of
patients determined to be at a higher risk of CMV disease.
Thus, the laboratory test is used to determine whether the
level of infection makes invasive disease likely. Both these
approaches provide therapy prior to the development of
symptoms, hence preventing the development of active
disease.

A number of studies have evaluated the clinical utility of
the NucliSens CMV test (bioMerieux) for initiation of pre-
emptive therapy.9,18 In a prospective study by Hebart et al.,22

a total of 33 BMT recipients at risk for CMV disease were
monitored once a week for 18 months after transplantation
using the NucliSens NASBA assay, a whole-blood labora-
tory-developed PCR assay, and viral culture. Preemptive
antiviral therapy was initiated after two positive PCR
results; clinical decisions were not made based on NucliSens
results. The NucliSens and the PCR assays had a high level
of agreement (87.9% for patients and 85.3% for samples).
None of the NASBA-negative patients developed CMV
disease. Sixteen of the 18 patients receiving preemptive
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GCV treatment also were NASBA positive. Three of the 33
patients at risk for developing CMV disease developed
disease, all of whom were PCR and NASBA positive. There
was no difference between assays for the time of first posi-
tive result. Ongoing studies evaluating the clinical utility of
quantitative PCR assays and the NASBA assay will provide
further information regarding the clinical utility of these
tests for guiding preemptive antiviral therapy.

Several studies have looked at the clinical utility of quan-
titative molecular tests for monitoring antiviral therapy
response in transplant patients.21,23 A greater than 90%
reduction in viral load, as measured by the Hybrid Capture
test, has been observed after initiation of therapy for 
CMV infection.5 Several studies have reported that viral
loads become undetectable several weeks after initiating
therapy;7,20,21 however, the time to clear CMV is related to
the viral load. Patients with low pretreatment viral loads
will become undetectable for CMV more rapidly than those
with high pretreatment viral load values. Failure of viral
loads to decline to undetectable levels after initiation of
antiviral therapy is a cause of concern because patients
with documented GCV resistance have persistent CMV
viral loads.7

Another application of molecular tests is identifying
patients at risk for relapsing CMV infection.23–25 The
optimal duration of antiviral treatment for CMV infection
has not been established. Relapsing episodes of CMV
disease have been described in 15% to 35% of SOT patients.
Although relapsing CMV disease might be due to the evo-
lution of resistant CMV strains, it also may be the result of
incomplete suppression of viral replication by antiviral
treatment. In a prospective study of 24 SOT patients with
CMV infection or disease, patients were treated with a 14-
day course of GCV,24 and viral load values were measured
before and after treatment. Eight patients developed
relapsing CMV infection and had viral load measurements
prior to the initiation of therapy that were statistically
higher compared to the nonrelapsing group (80,150
copies/106 leukocytes vs 5,500 copies/106 leukocytes,
respectively, p = 0.007). In addition, the relapsing group
had detectable viral load at the end of treatment (mean
18,800 copies/106 leukocytes), while viral load levels were
undetectable in the nonrelapsing group. Similar results
have been reported with the NucliSens assay. In one study,
all six SOT recipients with detectable RNA after complet-
ing a course of therapy required further therapy for their
CMV infection.18

The rate of decline in CMV load also is predictive of
relapsing CMV infections. Fifty-two organ transplant
recipients with CMV disease were monitored with the
Amplicor CMV Monitor test (Roche Diagnostics), of which
12 developed relapsing CMV disease. The time to clearance
of CMV DNA from plasma was 33.8 days in the group with
relapsing CMV disease compared to 17.2 days in the group
without recurrent disease (p = 0.002). The viral load half-
life was 8.8 days compared to 3.2 days (p = 0.001) in the
group with and without recurrent disease, respectively.25

Sequential monitoring of viral load levels after initiation of
therapy may allow the identification of patients at risk of
recurrent infection, thus providing the opportunity to
intensify therapy and possibly prevent relapse.

Viral load measurements may be useful for individualiz-
ing treatment regimen length. Fisher et al.26 prospectively
evaluated and followed 18 SOT patients diagnosed with
CMV disease. Plasma samples were obtained for viral load
measurements weekly during treatment and monthly for 6
months following the end of therapy. Patients were treated
with immunoglobulin for a period of time and with GCV
until CMV viral load was undetectable (<100 copies/ml
plasma). No patients relapsed with a mean follow-up of 16
months. This study suggests that viral load measurements
have clinical utility for determining the length of time for
GCV treatment. Further studies with a greater number of
patients are needed to determine the utility of viral load
testing for determining the duration of antiviral therapy,but
this study indicates that discontinuing therapy when virus
is still detectable in the plasma is a risk for relapsing 
infection.

Generally, transplant patients requiring treatment for
CMV disease receive a lengthy course of antiviral ther-
apy.27–30 Such long-term treatment regimens are associated
with development of antiviral drug resistance. There are
currently three antiviral drugs that are FDA approved for
the treatment of systemic CMV disease: GCV, cidofovir
(CDV), and foscarnet (phosphonoformic acid [FOS]); of
these three, GCV is the most widely used. Development of
resistance does not occur very frequently because CMV is
a DNA virus that replicates using a DNA polymerase that
has proofreading activity, which prevents high mutation
rates. Thus, selection of drug-resistant virus from the
initial wild-type drug-sensitive population generally
occurs only after weeks to months of therapy.

Two different types of testing are used for the detection
of drug-resistant virus: phenotypic and genotypic. Pheno-
typic assays rely on analysis of growth characteristics of
viral isolates in the presence of different concentrations 
of antiviral drugs and therefore require viable virus. The
phenotypic assays are labor-intensive, the readout is sub-
jective, and they require at least a month to obtain results,
which is generally not therapeutically useful. The lengthy
time requirement has led to development of genotypic
assays based on detection of nucleotide sequence changes
that are known to cause drug resistance. The currently used
antiviral drugs target the UL97 gene (GCV) or the DNA
polymerase gene (GCV, CDV, FOS) or both. Point mutations
or short deletions in these genes confer drug resistance.
GCV resistance mutations are most frequently mapped to
the UL97 gene within codons 460 and 520 and either point
mutations or deletions within the codon range 590 to
607.28,29 GCV resistance due to mutations in the DNA poly-
merase gene appears to occur less frequently than those in
the UL97 gene.28,29 The majority of polymerase mutations
conferring resistance to GCV also are cross-resistant to
CDV,30 whereas mutations in the UL97 gene confer resist-
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ance only to GCV. In general, FOS resistance mutations
within the polymerase gene do not cause cross-resistance
to either of the other two drugs, although a double deletion
of codons 981 and 982 has been reported to confer 
resistance to all three drugs.31 At least 23 sites within the
polymerase gene have been mapped that confer drug
resistance.32 This covers approximately 2000 nucleotides, a
much larger region than that of the UL97 gene. One caveat
for genotypic assays is the presence of some normal base-
line sequence variability in the UL97 and DNA polymerase
genes in drug-sensitive strains. The assumption is made
that the same mutation will produce resistance in all
genetic backgrounds, which may not prove to be the case
as more strains are examined. While phenotypic assays are
biologically more relevant for detection of drug resistance
because individual strains are tested for replication directly
in the presence of antiviral drugs, genotypic results do cor-
relate with the clinical drug resistance and provide rapid
results not possible for the presently available phenotypic
assays.33 An advance in genotyping testing is the ability to
sequence CMV DNA directly from the plasma specimens
in patients failing therapy.

BKV

Since first reported, BKV-associated nephropathy has
emerged as an important cause of allograft failure in renal
transplant recipients. BKV is ubiquitous, with more than
90% of adults having serologic evidence of past infection.
BKV is transmitted at an early age via oral or respiratory
routes, and after primary infection remains latent in uroep-
ithelial cells and circulating leukocytes. During immuno-
suppression, virus reactivation causes cytopathic changes
in the uroepithelium, with increased shedding of BKV in
the urinary tract. This in turn results in a range of clinical
syndromes from viremia and viruria to ureteral ulceration
or stenosis, and hemorrhagic cystitis. In renal transplant
recipients, persistent active replication of BKV in the renal
allograft, called BKV nephropathy, is associated with pro-
gressive graft dysfunction and graft loss due to interstitial
nephritis. However, BKV nephropathy is rarely diagnosed
in transplant recipients of nonrenal organs. BKV
nephropathy develops in 1% to 5% of renal transplant
recipients, with graft failure in as many as 45% to 67% of
affected patients. Risk factors associated with BKV-
associated nephritis in renal transplant patients are not
well known, but most of the patients with this disorder
have received the newer immunosuppressive drugs such as
tacrolimus or mycophenolate mofetil.34,35

Antiviral treatment is not established for BK nephropa-
thy, and control of antiviral activity is tentatively attained
by reduction of immunosuppressive therapy. In patients
with diminished renal allograft function and possible 
BKV infection, a choice must be made between increasing
the level of immunosuppression to treat suspected graft
rejection or reduction of immunosuppression to allow the

immune system to control the BKV infection. Transplant
patients with BKV nephropathy who are treated with
increased levels of immunosuppressive drugs have a high
incidence of graft loss. On the other hand, a reduced level
of immunosuppressive therapy may stabilize the graft
function but increases the risk of rejection.36 A recent study
evaluated the clinical utility of CDV for the treatment of
BKV nephropathy in a limited number of patients. Results
were encouraging, with all four patients clearing the
viremia without graft loss.37 Further studies are needed to
confirm these findings.

Accurate diagnosis of BKV nephropathy is required to
preserve graft function. Progression of BKV nephropathy
often occurs without clear clinical signs or symptoms;
sometimes the only indication is a rise in creatinine con-
centration, which occurs over a period of days to weeks
before symptoms appear, although not all patients with
BKV nephropathy present with an elevated creatinine.
Diagnosis of BKV nephropathy is made by histological
demonstration of viral infection, which is distinct from
signs of rejection. In these patients, histologic examination
of allograft biopsy specimens reveals extensive viral 
cytopathic effect, necrosis of the cells of the tubules 
and collecting ducts, and varying degrees of interstitial
inflammation. Although renal biopsy is useful for the diag-
nosis of BKV nephropathy, it is an invasive procedure. A
noninvasive alternative is to examine the urine for the pres-
ence of decoy cells, which contain characteristic intracellu-
lar viral inclusion bodies. Identification of decoy cells
confirms that there is active replication of BKV, but this
finding is not specific for BKV nephropathy.34–36

Using a qualitative PCR method, Randhawa et al.38

demonstrated a positive relationship between the presence
of BKV DNA in blood and impairment of renal allograft
function, thus indicating that viremic patients are at high
risk for progression to BKV-related interstitial nephritis.
Moreover, in a recent prospective study, Hirsch et al.39

have shown that BKV viral load is significantly higher in
patients with biopsy-proven BKV nephropathy than in
those without BKV nephropathy. A total of 78 renal trans-
plant patients were followed for a median of 85 weeks after
transplantation. BKV nephropathy was diagnosed in allo-
graft biopsy specimens from five patients at a median of 28
weeks after transplantation. The diagnosis of infection on
the basis of cytologic examination of urine specimens for
the presence of decoy cells showed a sensitivity of 100%
and specificity of 71% with a positive predictive value of
29% and a negative predictive value of 100%. The diagno-
sis of infection on the basis of cytologic examination of
urine specimens for decoy cells was sensitive but had a low
positive predictive value, suggesting that this approach
could be used as a screening test. BKV viremia was detected
in ten patients at a median of 23 weeks after transplant,
with five having histologically proven BKV nephropathy.
Interestingly, the mean viral DNA level in plasma was
significantly higher in patients with histologically proven
BKV nephropathy than in patients without histologic 
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evidence of nephropathy (2 × 104 copies/ml vs 2 × 103

copies/ml, respectively; p<0.001). Furthermore, the plasma
viral load increased to 7.7 × 103 copies/ml or more in all
patients in whom BKV nephropathy developed, with three
of the five patients reaching viral load levels of 1 × 107

copies/ml. For all patients with histologically proven BKV
nephropathy, BKV viral load had a sensitivity of 100%, a
specificity of 88%, a positive predictive value of 50%, and
a negative predictive value of 100%. These findings offer a
basis for identifying patients at risk for BKV nephropathy
who may be candidates for preemptive reduction in
immunosuppressive therapy or initiation of antiviral
therapy.

BKV viral load testing of renal transplant patients has
shown utility not only for diagnosing BKV nephropathy
but also for monitoring the response to antiviral therapy
or reduction of immunosuppressive therapy.40–42 Limaye 
et al.40 prospectively collected samples from four renal
transplant patients with histologically diagnosed BKV
nephropathy (cases) and 16 renal transplant patients who
did not develop BKV nephropathy (controls). Serum
samples were collected from all patients at the time of
transplantation, during clinic visits, and during readmis-
sions to the hospital. The case patients were more likely
than the control patients to have BKV detected in serum
samples (4 of 4 patients vs 0 of 16 patients). In all four
patients, BKV DNA was detected in serum samples before
histologic diagnosis of BKV nephropathy. Interestingly,
prolonged viremia, in some cases over 50 weeks, was found
in three case patients. Furthermore BKV DNA was detected
in blood coincident with persistent unexplained inflam-
matory changes in biopsies weeks to months before 
characteristic histologic changes consistent with BKV
nephropathy became evident. A reduction of the viral load
was demonstrated after reduction in immunosuppression
or transplant nephrectomy or both.40

BKV also is associated with the development of late-
onset hemorrhagic cystitis (HC) in allogeneic BMT
patients. HC is an important cause of morbidity and occa-
sional mortality in BMT patients. The incidence of HC in
this patient population varies from 5% to 35% and is char-
acterized by lower abdominal pain, dysuria, frequent mic-
turition, and hematuria. The manifestations vary from
microscopic hematuria to severe hemorrhage, leading to
clot retention and renal failure. HC had been ascribed
solely to the toxic effects of drugs utilized during BMT, but
recently BKV reactivation has been associated with HC.
During BMT, intense immunosuppressive therapy leads to
increased viral replication, which results in viruria. Since
BKV can be detected in urine samples of 77% to 90% of all
adult BMT patients, both with and without HC, it is appar-
ent that BKV reactivation alone is not sufficient to cause
HC.43–45 Several studies have tried to identify other factors
such as graft-vs-host disease, primary infection, or even
specific types of BKV that might be involved in the devel-
opment of HC, with little success.34

One of the biggest challenges in trying to evaluate the
clinical utility of molecular tests for the diagnosis and

monitoring of BKV-associated disease is the lack of stan-
dardized molecular assays. The performance of these
assays can vary widely due to differences in specimen 
type used, methodology, and limit of detection. As a result,
values obtained from different laboratory-developed
assays may not be comparable, which makes it very difficult
to establish interpretive guidelines that can be applied
broadly in clinical practice. Further studies are needed to
better define the role of BKV infection and the role of
molecular qualitative and quantitative assays for diagnosis
and monitoring BKV nephropathy.

HCV

End-stage liver disease secondary to HCV infection is the
most common indication for liver transplantation in this
country, accounting for one third of all liver transplants. A
variety of molecular methods for detection and quantita-
tion of HCV RNA genomes are used in the management 
of patients with HCV infection before and after liver 
transplantation. Three methods are used to detect and
quantify HCV RNA: reverse transcription–PCR (RT-PCR),
TMA, and the bDNA technique.46 Refer to chapter 37 for a
detailed discussion of these assays and their performance
characteristics.

In patients transplanted for HCV cirrhosis, reinfec-
tion and recurrence of HCV disease occurs in most
cases.47–52 Reinfection refers to the presence of HCV in
blood, while recurrence of disease refers to histologic evi-
dence of liver damage. Therefore, the diagnosis of recur-
rent disease requires histologic changes in the presence of
persistent HCV viremia. Detectable HCV RNA is present in
nearly all HCV-related liver transplant recipients within 1
month after transplant, while histologic recurrence of HCV
disease occurs in 50% within 2 years after transplant. The
rate of histologic disease development is accelerated in
liver transplant patients as compared to the general popu-
lation, where chronic hepatitis develops in 80% of patients
after a decade or more of infection. Moreover, development
of cirrhosis also is accelerated in this patient population,
with 10% to 20% of patients developing cirrhosis within 5
years of transplant, compared to the general population,
in which 20% develop cirrhosis after 2 to 3 decades after
infection. Many patients (20% to 40%) will have a benign
course after transplant, while a few patients develop more
severe disease with rapid progression to fibrosis and cir-
rhosis.47–49 Although there is strong data supporting an
accelerated disease process in transplanted patients,
controversy remains regarding the impact of recurrent
HCV on patient and graft survival. These findings under-
score the need to identify prognostic factors that may
predict the course of disease after transplant.

Prognostic factors for outcome after liver transplanta-
tion53–56 include early recurrence of disease, viral load, and
genotype. Early recurrence of HCV disease is associated
with increased risk for cirrhosis, as well as decreased graft
and patient survival. Liver transplant patients who devel-
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oped recurrent HCV disease within 6 months of transplant
are two to three times more likely to develop cirrhosis than
recipients who developed histologic recurrence after 6
months. Patients who developed HCV recurrence within 
1 year of transplantation are more likely to lose their 
graft.

The role of HCV viral load in predicting poor graft sur-
vival is controversial.53 In an early study, using the National
Institute of Diabetes and Digestive and Kidney Diseases
Liver Transplantation Database, transplant patients with
HCV RNA titers greater than 1 × 106 mEq/ml had worse
patient and graft survival rates compared to patients with
lower HCV RNA levels.57 In a more recent study of 79
patients who underwent liver transplantation for chronic
HCV infection, neither pretransplant nor posttransplant
HCV RNA levels were significantly associated with the
occurrence of graft hepatitis. However, there was a trend of
more severe recurrent disease in patients with subtype 1b
and high viral load soon after transplant.54

Another prognostic factor associated with a poor
outcome after liver transplant is HCV genotype.53,55 In non-
transplant patients with HCV infection, patients with
genotype 1 having a lower rate of sustained virologic
response (SVR) to antiviral therapy compared to patients
with genotypes 2 or 3 (see chapter 37). The association of
genotype and outcome after liver transplantation has been
controversial. Earlier studies showed no significant associ-
ation with genotype 1b and disease severity or graft sur-
vival after transplant.57,58 In contrast, more recent studies
have shown that HCV genotype 1b is associated with a
higher recurrence of HCV disease 3 years after transplant
compared to genotype non-1b.53 Although there is no
uniform agreement regarding the prognostic factors asso-
ciated with graft and patient survival, HCV RNA testing
and genotyping will remain key parameters in future
studies.

EBV

EBV-induced posttransplant lymphoproliferative disorders
(PTLD) continue to be a rare but severe complication fol-
lowing transplantation. PTLD represents a heterogeneous
group of abnormal lymphoid proliferations, generally of
B-cell origin, that occur in an environment of ineffective 
T-cell function. The ineffective T-cell function is the result
of pharmacologic immunosuppression after transplant.
PTLD represents a spectrum of EBV-related clinical dis-
eases, from benign mononucleosis-like illness to fulminate
non-Hodgkin lymphoma. (Refer to chaper 34 for a com-
plete discussion of PTLD.)

The origin of the EBV in PTLD is varied. In SOT patients,
the PTLD cells are usually of recipient origin, suggesting
that the EBV infection represents reactivation of prior
latent virus. Most cases of PTLD in BMT patients involve
seropositive donors and recipients, and the PTLD cells are
usually of donor origin because the host lymphoid tissue
has been eradicated.

EBV-induced PTLD has an incidence of 0.8% to 20%
depending on the type of organ transplant, patient age,
and the type of immunosuppression.59 Pretransplantation
EBV seronegativity and the development of CMV disease,
especially in the donor positive–recipient negative CMV
serogroup, are significant risk factors. PTLD occurs more
frequently in children than adults, probably because chil-
dren are more likely to be EBV seronegative (49%) than
adults (8%) at the time of transplant. Other risk factors for
the development of PTLD include HLA-mismatched T-cell
depletion, the use of antilymphocytic antibodies for con-
ditioning, and treatment of graft-vs-host disease.60–62

PTLD has a variety of clinical presentations and may be
related to viral infection, organ dysfunction, or lymphoma-
related symptoms. Early diagnosis of PTLD requires dili-
gent surveillance in appropriate patient populations. The
median time to onset of PTLD in SOT patients is 6 months,
whereas in BMT patients, signs and symptoms could
appear within 70 to 90 days after transplant. Clinical fea-
tures of PTLD are similar in both SOT and BMT patients,
but there appears to be a greater incidence of fulminate,
disseminated disease in BMT patients. Given the number
of other diagnoses that PTLD can mimic, tissue biopsy is
usually required for accurate diagnosis. A variety of special
studies have been applied to the diagnosis of PTLD, such
as immunophenotyping by flow cytometry, immunohisto-
chemical staining, and molecular tests.62–64

Early detection of PTLD may allow for prompt therapy
and potentially decreased mortality. Experience with mon-
itoring patients for the development of PTLD is limited;
however, several reports suggest that active surveillance 
for the presence of primary or reactivated EBV infection
may be a useful approach to early detection of PTLD.64–66

Molecular tests, in particular quantitative PCR assays,
are a promising advance that may allow for early diagno-
sis of PTLD. However, standardized methods and consen-
sus on the appropriate clinical specimens are needed. Since
EBV causes a latent infection, PCR assays for the detection
of EBV in PBMC will have the same limitations as seen for
CMV; that is, EBV DNA will be detected in patients regard-
less of PTLD status. Quantitative PCR assays have been
used to distinguish asymptomatic EBV infection from
PTLD. Furthermore, PTLD in SOT patients differs from
that in BMT patients with regard to the source of EBV, the
time of disease outbreak, and the course of the disease
itself. For these reasons, not all patients should be grouped
and analyzed together, and broad conclusions from differ-
ent studies should be drawn cautiously.64,66,67

Several studies using quantitative PCR assays on a
limited number of patients have shown that high levels of
EBV DNA in lymphocytes are associated with the develop-
ment of PTLD.68–70 A recent study68 described the use of a
quantitative PCR assay to determine EBV viral load at the
time of PTLD diagnosis in a group of allogeneic BMT
recipients. The assay quantified between 20 and 106 copies
of EBV DNA/µg of DNA from peripheral blood lympho-
cytes (PBL). The EBV viral loads in patients with PTLD
were compared with the viral loads of transplant recipients
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without PTLD. EBV DNA was detected in 26 of the 59
patients, indicating primary infection or reactivation. The
EBV viral load was significantly higher in patients with
PTLD compared to those without PTLD. For the nine
patients diagnosed with PTLD, the median EBV viral load
was 1.6 × 106 copies/µg PBL DNA, compared to 4 × 103

copies/µg PBL DNA in patients without PTLD. Using the
different median values in the two patient populations, a
threshold value of 105 EBV copies/µg PBL DNA for the
diagnosis of PTLD was selected, which resulted in both a
sensitivity and specificity of approximately 90%. However,
in transplant patients with fewer than three major risk
factors for PTLD, the positive predictive value of this
threshold was low. In addition, there were still a small
number of patients with a high viral load that did not
develop PTLD during the course of the study.

In an effort to simplify the method needed for EBV
detection by PCR, Campe et al.69 studied the utility of a
quantitative PCR assay using sera and PBL in pediatric
renal transplant patients. The advantage of using serum is
that sample processing does not require the separation and
quantitation of PBL from blood. In addition, the authors
hypothesized that the detection of EBV DNA in serum
would occur only for patients with a high EBV viral load,
and might better distinguish patients with PTLD from
transplant recipients that have low levels of EBV DNA 
secondary to immunosuppression, but not PTLD. This
prospective study69 evaluated 25 pediatric renal transplant
recipients that were 1 to 8 years after transplant. PBL and
serum were collected at each outpatient visit over a 6-
month period. A mononucleosis-like syndrome with per-
sistent symptoms of low-grade fever, cervical adenopathy,
and hyperplastic adenoids was diagnosed in 11 patients. A
total of 38.4% of PBL samples from asymptomatic patients
were positive by PCR. PBL samples from two asymptomatic
patients were continuously positive for EBV DNA over the
period of the study. The mean viral load of positive samples
was 480 copies/10,000 PBL. However, 100% of PBL samples
from symptomatic patients were positive for EBV DNA
with a mean viral load of 1500 copies/10,000 PBL. On the
other hand, 14.3% of the serum samples from asympto-
matic patients were positive by PCR, with a mean viral load
of 13,250 copies/ml serum, while EBV DNA was detected in
81.9% of serum samples of symptomatic patients with a
mean viral load of 22,500 copies/ml serum. Detection of
EBV DNA in serum always was associated with EBV DNA
in the corresponding sample of PBL in symptomatic
patients. Thus, positive EBV PCR results in PBL and serum
were more likely in symptomatic children. Therefore,
patients who have EBV DNA detected simultaneously in
PBL and serum may be at higher risk of developing PTLD.

There is some evidence that detection and quantitation
of EBV DNA in peripheral blood can be utilized as prog-
nostic markers for development of PTLD, with a correla-
tion between high levels of EBV DNA in the blood and
development of PTLD. A study by Kogan-Liberman et al.70

addressed the value of EBV viral load monitoring and pre-

emptive reduction in immunosuppressive therapy in a
group of pediatric liver transplant recipients. The authors
prospectively followed monthly EBV viral load in 23 pedi-
atric liver transplant recipients for 18 months after trans-
plantation. A preemptive reduction in immunosuppressive
therapy was instituted for significant EBV replication indi-
cated by a positive PCR result. Patients were divided into
two groups: group 1 was seropositive for EBV before trans-
plant (13 patients), and group 2 was seronegative for EBV
before transplant (10 patients). Nine of the 13 patients in
the seropositive group 1 had positive PCR results at a mean
time of 22.4 weeks after transplant. All but one of these
patients was asymptomatic. In 7 of the 9 PCR-positive
patients, preemptive reduction in immunosuppressive
therapy was undertaken without development of PTLD or
rejection. The two patients in whom immunosuppressive
therapy could not be reduced experienced low-grade and
medically responsive PTLD. On the other hand, in seroneg-
ative group 2 patients, no patient developed a positive EBV
viral load, no intervention was necessary, and none of these
patients developed PTLD. Since the number of patients
enrolled in this study was small, further studies addressing
this issue are warranted.

HHV-6

HHV-6 is another herpesvirus of emerging clinical
significance. Although overt clinical disease is infrequent
in healthy adults, HHV-6 reactivates in immunosuppressed
individuals. HHV-6 infection is common in the first 2 years
of life, and about 90% of adults are seropositive. HHV-6 can
be reactivated following SOT, causing nonspecific febrile
illness, bone marrow suppression, interstitial pneumonitis,
rash, and hepatitis. The role of HHV-6 in this setting is
difficult to determine, since the virus is latent and can be
detected in asymptomatic patients, and CMV causes iden-
tical syndromes.71 The reported incidence of HHV-6 infec-
tion after transplant varies according to the diagnostic
method and ranges from 48% of BMT to 32% of SOT
patients.

One of the most interesting features of HHV-6 is 
its interaction with other viruses. The indirect clinical
sequelae of HHV-6 after transplant include altering the 
net state of immunosuppression with modification of the
natural history of CMV disease. Interactions between
HHV-6 and CMV have been well documented in liver
transplant patients. HHV-6 infection is associated with
severe clinical symptoms in SOT patients if concomitant
CMV infection occurs. There is evidence that HHV-6 infec-
tion in liver or renal transplant patients is an independent
risk factor for the development of CMV disease.72–75

Laboratory-developed PCR assays have been used to
understand the significance of HHV-6 infection in SOT
recipients.74,76,77 One prospective study74 followed 200 con-
secutive patients undergoing liver transplantation using a
quantitative laboratory-developed PCR assay to detect
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HHV-6 DNA in PBL obtained at baseline and weeks 1, 2, 3,
4, 6, 8, 10, and 12, or when clinically indicated. A positive
HHV-6 PCR result was obtained in 51.1% of the patients at
a median of 27 days after transplant. Peak viral load
occurred by day 22 after transplant in 25% of the patients,
by day 35 in 50% of the patients, by day 63 in 75% of the
patients, and by day 90 in 90% of the patients. The median
peak viral load was 200 copies/µg DNA (range 3 to 10,000
copies/µg DNA). To differentiate latent infection from
active infection, patients were categorized into two groups,
those with peak viral load under 100 copies/µg DNA and
those with peak viral load greater than 100 copies/µg DNA.
Using this cutoff value, 56 patients had HHV-6 infection.
Interestingly, patients on GCV prophylaxis had a lower
incidence of HHV-6 infection than those who did not
receive prophylaxis (12.9% vs 30.8%, p = 0.042). HHV-6-
associated disease was documented in only two patients
(1%). Both patients had unexplained fever, leukopenia, and
thrombocytopenia with negative CMV laboratory results
and an HHV-6 viral load greater than 1,000 copies/µg DNA.
CMV infection occurred in 40% of the patients, with 
symptomatic CMV disease in 16.6% of patients. HHV-6
infection was significantly associated with CMV disease.
Furthermore, CMV viral load was significantly higher in
patients with HHV-6 infection than those without HHV-6
infection (median viral load 1,560 copies/ml (0 to 181,000
copies/ml) vs median viral load undetectable [0 to 14,000
copies/ml], respectively; p < 0.001]). Risk factors for devel-
opment of CMV disease were analyzed in a multivariate
logistic regression model, and HHV-6 infection and anti-
lymphocyte globulin administration were the only risk
factors identified. In the same study, the association of
HHV-6 infection with development of opportunistic infec-
tions was evaluated.74 A total of 74 opportunistic infections,
including CMV disease (n = 32), invasive fungal infection
(n = 17), EBV-related PTLD (n = 6), disseminated zoster (n
= 11), and other infections (n = 8), were diagnosed. An
increase in HHV-6 viral load was significantly associated
with the development of opportunistic infections. In addi-
tion, HHV-6 infection was associated with rejection in a
subgroup of patients whose rejection occurred greater
than 30 days after transplantation. Of the 41 patients in 
this subgroup, the median peak HHV-6 viral load was 40
copies/µg DNA compared to undetectable in those without
rejection (p = 0.004).

Further studies are needed to better define HHV-6
pathogenesis and its interaction with CMV and other
opportunistic pathogens. However, it is clear that molecu-
lar methods for the detection and quantitation of HHV-6
will play a crucial role in this area of research, as well as in
routine clinical testing in the future.
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Chapter 39
Viral Infections of the Central Nervous System
Christine C. Ginocchio

mosquito and tick-borne encephalitis that cause epidemic
and endemic disease in Asia, Europe, and the Americas.6–8

Case fatality rates vary greatly, ranging from 5% to 70%.
Human immunodeficiency virus (HIV) and rabies (genus
Lyssavirus) are other important causes of encephalitis
worldwide.1,2 Herpes simplex virus (HSV) CNS infections
affect all ages, occur at all times of the year, and have 
the highest mortality rate in the United States.1–4 In a 
small number of cases, childhood viral diseases including
rubella, measles, varicella-zoster virus (VZV), mumps, and
human herpes virus 6 (HHV-6), can progress to neurologic
disease during primary infection or with viral reactivation
(VZV, HHV-6). Cytomegalovirus (CMV)9–11 and JC poly-
omavirus (JCV)12 are responsible for encephalitides in
immunocompromised patients.

Overview of Diagnostic Testing 
for Viral CNS Disease

Traditionally, the diagnosis of viral CNS infection was
based on laboratory findings in conjunction with patient
history, clinical manifestations, and geographic and epi-
demiologic factors.1–4,7,8 The diagnosis of viral encephalitis
requires supplemental tests, including lumbar puncture,
radiographic imaging such as computed tomography (CT)
scans and magnetic resonance imaging (MRI) studies, and
in some cases brain biopsy.

In general, patients with viral meningitis typically have
a cerebrospinal fluid (CSF) pleocytosis with 10 to 500
leukocytes, a slightly elevated protein (<100 md/dL), and a
glucose level greater than 40% of a simultaneously drawn
serum sample.1,2 However, there can be a tremendous range
of values that often overlap with those indicative of bacte-
rial meningitis. Patients with viral encephalitis or menin-
gitis may or may not exhibit a CSF pleocytosis.13 Therefore,
normal CSF cell counts should not be used as a sole exclu-
sion criterion for both diagnosis and determining which
samples should be tested by molecular methods for viral
pathogens. CSF glucose levels can be normal or low, as seen
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Introduction

Viral infections of the central nervous system (CNS) are
relatively infrequent and usually result in a benign, self-
limiting disease.1–4 However, in a small percentage of cases,
viral infection of the CNS can have extremely serious con-
sequences that result in a spectrum of permanent neuro-
logic damage or death. Viral agents gain access to the CNS
by either neuronal or hematogenous spread, and infections
can occur at a multitude of sites including the spinal cord,
leptomeninges, dorsal nerve roots, nerves, and brain
parenchyma. Viral CNS infections are classified clinically
as either meningitis or encephalitis, although a close inter-
relationship occurs between the two disease states.1–4 Host
factors (age, sex, immune status, genetic differences) and
viral factors (serotype, receptor preference, cell tropism,
viral load) in concert with geographic and seasonal factors
contribute to the potential for the development of CNS
disease.1–4

Epidemiology

Viral meningitis, meningoencephalitis, and encephalitis
frequently occur in epidemics and as seasonal outbreaks
(late spring through autumn) and account for the majority
of viral CNS infections.1–4 The most common viral agents
responsible for CNS disease are listed in Table 39-1. In the
United States and in countries that immunize against
mumps, enteroviruses account for approximately 80% to
92% of all cases of meningitis in which a causative agent is
identified.3,4 In countries that do not include mumps in
their immunization programs, mumps account for as many
as 30% of viral meningitis cases.5 The arthropod-borne
viruses (arboviruses) (Table 39-2) account for the majority
of the remaining cases in the United States.6–8

Encephalitis occurs at a lower frequency, with
arboviruses being the leading cause both worldwide and in
the United States.6–8 The flaviviruses and alphaviruses are
the most important and are responsible for the majority of
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with bacterial meningitis. Encephalitis can lead to hemor-
rhagic necrosis with elevated protein levels and the pres-
ence of red blood cells.

Cultures for bacterial, fungal, and mycobacterial
pathogens can aid in the diagnosis of viral CNS infections
but can take several weeks for definitive results. Bacterial
cultures may be falsely negative if patients have been treated
with antibiotics prior to sample collection. Traditionally, the
identification of the specific viral agent relied on viral
culture, serologic detection of virus-specific IgM and IgG
antibodies, either systemic or intrathecal, or both.3,4,14–16

However, the ability to isolate the viral agent is highly
dependent on the viral species, time of sample collection,
sample handling and processing, and treatment of the
patient with antiviral agents. In only approximately 10% to
16% of viral meningitis cases is the responsible agent
identified using viral culture.3–5,14–17 Serologic diagnosis can
be made in certain cases as early as 5 days after infection
with the development of specific IgM antibodies but 

often takes weeks to demonstrate a diagnostic rise in IgG
antibody titers between acute and convalescent serum
samples.3,4,12,14–16,18,19 Some patients with West Nile viral infec-
tions have detectable IgM antibodies for up to 500 days after
infection, making the distinction between recent and past
infection difficult.19 In addition, immune status of the patient
can affect the development of viral-specific antibodies.

Currently, molecular amplification methods that detect
viral pathogens in CSF play a critical role in the rapid and
accurate diagnosis of viral CNS infections.14,15,17 This
approach has largely abrogated the need for brain biopsy
for the diagnosis of encephalitis and, in cases where biopsy
is needed, can be used to detect viral pathogens in tissue
specimens. In most cases, CSF is easily obtained, especially
compared to brain biopsy. CSF should be stored frozen,
preferably at −70°C, to maintain the stability of viral
nucleic acids. Isolation of the nucleic acids is achieved
using a variety of methods (described in chapter 2) that
also remove amplification inhibitors and neutralize any
DNases or RNases present in the sample. The volume of
CSF required can vary significantly and is dependent on the
viral target, relative levels of virus present in CSF, and sen-
sitivity of the testing method.

Results can be available within 24 hours and as soon as
2 hours for applications utilizing real-time technologies
that incorporate amplification and detection in one step.
This is in contrast to viral culture and serology, which can
require up to 28 days for a final result. The rapid iden-
tification of the correct viral agent directs the selection 
of appropriate antiviral therapy, decreases the number 
of patients unnecessarily placed on empiric antibiotic
therapy, shortens length of hospitalization, and saves
medical costs. Overall, molecular amplification assays 
are highly sensitive and, depending on the virus and
amplification target, can detect as low as one viral particle
per reaction. High assay specificity is obtained by gene-
specific targeting and often is significantly better than
serologic testing, which can demonstrate cross-reactivity
among related viral agents. Multiplex assays offer the ver-

Table 39-1. Primary Viral Agents Causing Central Nervous
System Disease

Herpesviruses Herpes simplex 1 and 2
Varicella-zoster
Epstein-Barr
Cytomegalovirus
Human herpesvirus 6

Enteroviruses Poliovirus
Coxsackievirus
Echovirus
Numbered enteroviruses

Arboviruses See Table 39-2
Childhood illness associated Measles

Mumps
Rubella

Rabies
JC polyoma virus
Human immunodeficiency virus 

type 1

Table 39-2. Arthropod-Borne Viruses (Arboviruses) and Endemic Areas

Family Genus Virus Predominant Regions

Togaviridae Alphavirus Eastern equine Eastern, southern United States; Canada; Central, South America
Western equine Western, central United States; Central, South America
Venezuelan equine Central, South America; eastern, western United States

Flaviviridae Flavivirus St Louis United States; South America
Powassan Canada; United States; Russia
Tick-borne Central Europe; Russia
Japanese Asia; USSR; India; Sri Lanka
Murray Valley United States
West Nile North America; Europe; Middle East; Africa; Asia; Australia; Oceania

Bunyaviridae Bunyavirus California group* California; upper Midwest; West Virginia; Virginia; Kentucky; Tennessee;
North Carolina; Alabama

Reoviridae Coltivirus Colorado tick fever Western mountain United States
Rhabdoviruses Lyssavirus Rabies Worldwide

Vesicular stomatitis virus

*La Crosse, Cache Valley, James-town Canyon, and snowshoe hare.
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satility of screening for several pathogens in one test.
Quantitative assays are useful for differentiating active
from latent infection and for monitoring response to
antiviral therapy.

This chapter reviews the advances in the molecular 
diagnosis of the most common causes of viral meningitis and
encephalitis, including the enteroviruses, herpesviruses, and
arboviruses.Viral agents affecting persons with immune sup-
pression are briefly discussed, including human immuno-
deficiency virus type 1 (HIV-1), JC polyomavirus (JCV), and
CMV.

ENTEROVIRUSES

Epidemiology and Disease

Enteroviruses are small single-stranded RNA viruses that
comprise 64 serotypes distributed into five species of
the Picornaviridae family.20,21 The nonpolio enteroviruses,
including the coxsackieviruses, echoviruses, and num-
bered enteroviruses, are responsible for approximately 50
million infections per year in the United States and possi-
bly more than a billion worldwide.4,21,22 Enteroviruses cause
a diverse array of illnesses in both adults and children,
including respiratory, ocular, cardiac, gastrointestinal, and
neurologic diseases and skin and oral eruptions.21,22 In the
neonate, enteroviruses can cause a sepsislike picture or
meningoencephalitis, which can be severe. Outside of the
neonatal period, children under 5 years of age appear to be
the most susceptible to infection, partly due to a lack of
acquired immunity and poor hygienic habits. Encephalitis
is uncommon and meningitis is rarely associated with
complicated disease and poor clinical outcome, although it
may be more severe in adults than in children. Although
enteroviral infections can occur year-round, the majority
of the infections occur during the summer through
autumn months.

Laboratory Diagnosis

Many enteroviruses can be cultured in human and primate
cell lines.21 No single cell line is optimal for all enteroviral
types, and therefore several different susceptible culture
cell lines are used. Viral CSF culture has a sensitivity of
approximately 65% to 75%, in part because of the lability
of the virus, possible low levels in the CSF, and the inabil-
ity to grow all enteroviral serotypes in tissue culture,
including several coxsackievirus A strains that require
mouse inoculation for detection. The results of viral
culture can take 3 to 8 days and therefore are generally not
rapid enough to affect either treatment options or length
of hospitalization. Patients are placed on unnecessary
antibiotic therapy until bacterial CSF cultures are negative
at 48 to 72 hours. A variety of serologic assays can be used
to diagnose enteroviral infections, but they can be cross-

reactive, nonspecific, and difficult to interpret due to the
extended incubation and prodromal periods found with
many enteroviral illnesses, and hence are not clinically
useful.

Molecular Tests

To increase the sensitivity of enterovirus detection and to
reduce the time to results, a variety of molecular tests have
been developed.17,23–35 The methods utilize either reverse
transcription–polymerase chain reaction (RT-PCR) ampli-
fication combined with enzyme-linked immuno sorbent
assay (ELISA),23–28,31 real-time RT-PCR30 or nucleic acid
sequence–based amplification (NASBA) combined with
either electrochemiluminescence (ECL) detection29,32,34 or
molecular beacon technology.33,35 The assays utilize primer
sequences selected from the conserved 5′ nontranslated
region of the enteroviral genome. Sequence variations are
present in this region, and the scope of detection of the
various enteroviral serotypes is dependent on primer selec-
tion.23–35 Since different serotypes circulate in distinct areas
of the world, assays should be validated using local clinical
isolates and reference strains known to be endemic in the
region. Overall, enterovirus molecular tests are highly sen-
sitive, some detecting as low as 0.1 tissue culture infectious
dose 50 (TCID50) and the majority of enteroviral iso-
lates.23–35 The tests also are highly specific, showing no
cross-reactivity with other viral agents, with the exception
of a rare rhinovirus.30,31,34

Currently, analyte-specific reagents (ASRs) are available
for enteroviral detection from CSF. The Enterovirus Con-
sensus assay (Argene Biosoft, Varilhes, France) utilizes RT-
PCR and a stair primer technology that was designed 
to overcome the problems associated with sequence 
divergence in the primer binding regions, thus ensuring 
the detection of all 64 enteroviral serotypes.31 The assay
was shown to be more sensitive than assays using the 
original Rotbart23 and Zolli25 primers, and exhibited cross-
reactivity with rhinovirus type 3 only. Studies have deter-
mined that the sensitivity of the assay is <0.4 TCID50 and
can detect approximately 6 RNA copies per input reaction.
A NucliSens Basic Kit assay (bioMérieux, Boxtel, the
Netherlands) that combines NASBA and ECL detection
shows reactivity with all enteroviral isolates tested and a
sensitivity in the range of 10 to 100 RNA copies.29,32,34

Minimal low-level cross-reactivity has been detected for
one rhinovirus isolate when tested at high titers. No cross-
reactivity was demonstrated for other viral isolates. The
assay is 18% to 32% more sensitive than CSF viral culture
and 100% specific.29,32,34 This assay has been modified for
rapid real-time detection using molecular beacons and 
is currently available as an ASR (bioMérieux, Durham,
NC).33,35 This modification has reduced the time to 
results from 5.5 hours to as little as 3.5 hours, thus 
permitting multiple test runs per day. An additional
enterovirus ASR real-time RT-PCR assay, developed for 
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use on the SmartCycler and GeneXpert instruments
(Cepheid, Sunnyvale, CA), is currently under evaluation.

HERPESVIRUSES

The herpesviruses, including herpes simplex virus types 1
and 2 (HSV-1, HSV-2), VZV, CMV, and HHV-6, cause a
broad spectrum of viral CNS disease including meningitis,
encephalitis, meningoencephalitis, myelitis, and polyradi-
culitis.1,2 Epstein-Barr virus (EBV) DNA has been detected
in virtually all AIDS-related cases of primary CNS lym-
phomas.36 CMV is discussed briefly under diseases associ-
ated with immunosuppression and in detail in chapter 38.

HERPES SIMPLEX

Epidemiology and Disease

HSV-2 is the usual cause of HSV meningitis and accounts
for approximately 1% to 5% of all cases of viral meningi-
tis and 4% to 6% of cases of viral encephalitis.1–4,37,38 The
clinical course of the disease usually is self-limiting and
generally not associated with permanent neurological
damage. HSV-2 also causes Mollaret meningitis, a benign
recurrent meningitis.39 HSV-1 is responsible for the major-
ity of HSV-associated encephalitis and for about 10% to
20% (approximately 1250 cases per year in the United
States) of all viral encephalitis cases. Approximately 30%
are primary HSV-1 infection, and the remaining cases are
due to HSV reactivation. In contrast to HSV meningitis,
HSV encephalitis can be a devastating disease, presenting
with focal neurologic disease resulting from damage to 
one or both temporal lobes.1–4,37,38 Encephalitis occurs in
approximately 60% to 75% of babies with disseminated
HSV disease, and without appropriate antiviral therapy the
mortality rate can be as high as 80%.40

Diagnosis

CSF viral cultures are positive only in approximately 15%
of the cases of HSV meningitis due to primary infection
and, with the exception of neonatal infection, are rarely
positive in cases of HSV encephalitis.1–4,37,38,40 Traditionally,
the diagnosis of HSV encephalitis was dependent on brain
biopsy for obtaining tissue for viral culture, electron
microscopy, immunohistochemical staining, and the
demonstration of intrathecal production of HSV-specific
antibodies.1–3,14–16,38,40 Over the last decade, studies compar-
ing HSV CSF PCR with brain biopsy, intrathecal HSV-
specific antibody production for the diagnosis of HSV 
CNS infections, or both demonstrated sensitivities and
specificities for PCR ranging from 96% to 98% and 96% to
99%, respectively.14,40–42 HSV PCR can identify infected
persons who fail to either seroconvert in primary infection
or demonstrate significant rises in antibody titers after

reactivation. Finally, HSV PCR can aid in differentiating
HSV antibody increases due to active HSV CNS infection
and reactivation in persons with concomitant CNS disease
not related to HSV. Another advantage of PCR assays for
diagnosis of HSV encephalitis is that the assay sensitivity
remains high (95%) up to approximately 1 week after ini-
tiating therapy.42 Since DNA can be slow to clear from the
CSF (as many as 21% of CSF specimens can remain PCR
positive for more than 15 days after completion of
therapy), PCR should not be used as a test of cure.42

VARICELLA-ZOSTER

Epidemiology and Disease

The most common manifestation of VZV resulting from
primary infection is chickenpox and generally occurs in
early childhood.43 VZV-associated neurologic syndromes
include acute cerebella ataxia, diffuse or focal encephalitis,
meningitis, transverse myelitis, and Reye syndrome.1,2,43

Herpes zoster, resulting from the reactivation of latent VZV
infection, occurs in approximately 20% of immunocompe-
tent persons, generally 45 years or older, and the incidence
is approximately 15% higher in persons with immunosup-
pression.43,44 In a small percentage of these cases, severe
complications, including meningitis, encephalitis, myelitis,
Ramsay Hunt syndrome, Guillian-Barré syndrome, and
contralateral hemiplegia can occur.43–45

Diagnosis

The recovery of VZV in culture is poor (20% positive), as
is serologic diagnosis (48% positive).46 Antigen detection
by immunofluorescence improves detection (82% posi-
tive), and PCR is the most sensitive, with a detection rate
of approximately 95%.46 Based on improved detection with
PCR assays, VZV accounts for 6% to 30% of all her-
pesviruses isolated from CSF.46–54 However, results need to
be interpreted cautiously since VZV DNA has been
detected in CSF without overt disease, particularly in
patients with immunosuppression.

HUMAN HERPES VIRUS 6

Epidemiology and Disease

HHV-6 is generally acquired early in life and is manifested
as exanthem subitum, more commonly known as roseola
or as a nonexanthemous febrile illness, sometimes accom-
panied by severe neurologic manifestations, including
febrile seizures, meningitis, meningoencephalitis, and
encephalitis.55 Detection of HHV-6 in children with a
febrile seizure is important for identifying children with a
potential for the recurrence of seizure episodes due to
ongoing HHV-6 infection. Immunocompromised patients
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can manifest severe postprimary infections, including
encephalitis due to HHV-6 reactivation.55

Diagnosis

Culture confirmation of HHV-6 infection is not routinely
performed in clinical virology laboratories since it requires
purification and culture of patient lymphocytes or cocul-
tivation of activated patient lymphocytes and activated
human umbilical cord blood lymphocytes.55 Serologic
confirmation of the disease depends on the detection of
IgM in primary infection or conversion from either a neg-
ative to a positive IgG antibody response or a four-fold or
greater rise in IgG antibody titer.55 Antibody titers can be
difficult to interpret for several reasons. IgM antibodies
may not develop in some children, can be positive with
HHV-6 reactivation, and can remain positive for extended
periods of time. Significant rises in HHV-6-specific IgG
antibody titers can be found during infections with other
herpesviruses. The detection of HHV-6 DNA in the CNS by
PCR can support the diagnosis; however, in a percentage of
cases, HHV-6 DNA can be found in normal brain tissue and
in the CSF of children without evidence of CNS disease.55

Quantitative methods may be more accurate for correlat-
ing the presence of HHV-6 with active disease.56,57

Molecular Tests for Herpesviruses

Comparisons of the sensitivity of HSV PCR to viral culture,
antibody detection, and direct immunofluorescence assays
have clearly established the utility of PCR as a first-line
diagnostic test in the clinical laboratory.5,14,15,17 Most PCR
assays are applicable to the majority of conventional or
real-time PCR instruments. The assays for herpesviruses
use a variety of primer sets targeting a number of genes
including: DNA polymerase gene (HSV-1, HSV-2, CMV,
EBV,VZV, HHV-6); UL42, glycoprotein B (gB), glycoprotein
D (gD), or thymidine kinase (TK) genes (HSV); genes 28
and 29 (VZV); and major capsid protein, U89/U90 (HHV-
6). Identification of the specific herpesvirus is achieved
using either traditional methods, including the use of
species-specific primers, hybridization with species-
specific probes, agarose gel electrophoresis, restriction
enzyme analysis, and ELISA-based colorimetric detection
methods,46–49,51,52 or fluorescent probe technologies that
permit real-time detection.50,53,54 Currently, no test kits are
approved or cleared by Food and Drug Administration
(FDA) for the detection of herpesviruses; however, several
commercial kits or ASRs are available for the detection of
herpesviruses in CSF. Roche Diagnostics (Indianapolis, IN)
has developed ASRs for HSV-1, HSV-2, VZV, and EBV
identification using the LightCycler instrument.50,53,54 A
single-tube amplification and detection step allows the
identification of both HSV-1 and HSV-2 and the differen-
tiation of subtype by melting-curve analysis.50 The manu-
facturer’s claim of sensitivity is approximately 12.5 copies

or 2.5 to 6.3 genome equivalents per reaction.Artus Biotech
(Artus GmbH, Hamburg, Germany) has real-time PCR
assays (Real/Art LC PCR) for the detection of HSV-1, HSV-
2, EBV, and VZV, for individual analytes (EBV, VZV) or as
multiplex tests (HSV-1 and HSV-2,VZV and EBV, and HSV-
1, HSV-2, VZV, and EBV). Each kit includes all PCR
reagents, primers, probes, internal amplification control,
and, for HSV, external calibration controls for quantitation.
According to the manufacturer, the detection limits (95%
probability) of the assays are 1 copy/mL for HSV, 0.7
copies/mL for VZV, and 0.2 copies/mL for EBV.

Multiplex assays that can screen simultaneously for the
six major herpesviruses (HSV-1, HSV-2, CMV, VZV, EBV,
HHV-6) offer some distinct advantages, including the detec-
tion of coinfections in the CNS and the identification of a
herpesvirus that may not have been considered in the orig-
inal diagnosis.58 Several laboratory-developed assays have
been validated for this purpose using either traditional or
real-time PCR methods,14,47–54 and currently two commer-
cial ASR multiplex systems that use standard platform PCR
and screen for all six herpesvirus are available.48 The Herpes
Mplex (Prodesse Inc, Waukesha, WI) includes primers,
probes, internal and external controls, and all PCR reagents,
with the exception of amplification enzyme. The Herpes
Generic Consensus kit (Argene Biosoft, Varilhes, France)
uses stair primers to compensate for sequence divergence
in the primer binding regions of the six herpesviruses.48

After PCR amplification and generic colorimetric detection
of the herpesvirus, the Herpes Identification Hybrido-
mawell kit (Argene Biosoft, Varilhes, France) is used to
identify the specific herpesvirus present. All primers,
probes, an internal control, external controls, and all PCR
reagents, with the exception of amplification enzyme, are
provided. Assay sensitivity varies between 5 and 50 copies
per PCR reaction, with EBV being the least sensitive.
Another Argene Biosoft kit (Herpes Simplex Consensus
1/2) is available to screen for just HSV-1 and HSV-2.

ARBOVIRUSES

Epidemiology and Disease

Alphaviruses, flaviviruses, and bunyaviruses are responsi-
ble for the majority of the arboviral encephalopathies
(Table 39-2) and are found throughout the world.1,2,6 The
encephalitides are zoonotic, and transmission of the
viruses occurs between susceptible amplifier vertebrate
hosts, such as birds, squirrels, and chipmunks, via blood-
feeding arthropods, including mosquitoes, psychodids,
ticks, and ceratopogonids. Peak incidence occurs in
summer and continues through the fall months, when
arthropods are most active. In warmer regions cases can
occur into the winter months. Humans, horses, and domes-
tic animals can develop a clinical illness. The majority of
human arboviral infections are either asymptomatic or
manifest as a flulike self-limiting illness. Occasionally
viruses enter the brain by mechanisms not clearly 
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understood, and productive infection of brain cells occurs,
resulting in encephalitis, often with a fatal outcome or
permanent neurologic damage.1,2,6

The mosquito-borne viruses were first discovered in the
1930s.6 Until 1999 and the emergence of West Nile virus
(WNV) in Queens, New York,59 the most important cause
of epidemic and endemic encephalitis in the United States
was St Louis encephalitis virus (SLE), which is found
throughout the lower 48 states. Confirmed cases of SLE
average approximately 193 per year, and 4437 cases have
been reported to the Centers for Disease Control and 
Prevention (CDC; Atlanta, GA), since 1964.7 Less than 1%
of the cases are clinically apparent, with a case fatality rate
of 5% to 25% for symptomatic persons.7 Since the initial
outbreak in 1999, WNV has migrated across the United
States, and by August 2005 all but three states (Alaska,
Hawaii, and Washington) have reported bird, mosquito,
vertebrate, or human cases.7,8 WNV is responsible for neu-
roinvasive disease (encephalitis and meningitis) and what
is termed West Nile fever, which is typically less severe and
does not show signs of neuroinvasion.59 As of August 2005,
17,039 WNV cases with 674 deaths have been reported to
the CDC.7,8 Approximately one in 150 WNV cases pro-
gresses to meningitis or encephalitis, the most common
neurological manifestation. Case fatality rates remain con-
stant at approximately 12%, with advanced age being the
most important risk factor for death.6,7,8 In addition, WNV
has been transmitted to persons receiving either transfu-
sions or transplanted organs from asymptomatic donors
infected with WNV.8,59,60 La Crosse virus (LAC) is found in
several midwestern and mid-Atlantic states, and an average
of 70 cases are reported per year, usually in children under
the age of 16. Since 1964, eastern equine encephalitis (EEE)
virus and western equine encephalitis (WEE) virus have
been responsible for 200 and 639 cases, respectively.7 In the
northern United States, Powassan virus is a minor cause of
encephalitis and is transmitted by ticks.7

Japanese encephalitis (JE) virus, found mainly in Asia
and the Pacific, is the leading cause of encephalitis world-
wide, with more than 45,000 cases reported annually.1,2,6

Venezuelan encephalitis virus remains the third most
common cause of equine encephalitides and the most
common cause of epidemic encephalitis in Central and
South America.1,2,6

Diagnosis

By the time persons present with encephalitic symptoms,
the viremic phase of the disease often has ceased and
infected persons have developed serum and intrathecal
IgM or IgG antibodies or both.6,59 Since IgM antibodies do
not cross the blood-brain barrier, the identification of
virus-specific IgM antibodies in the CSF is strongly sug-
gestive of CNS infection. A variety of assays including
hemagglutination inhibition, complement fixation, plaque
reduction neutralization test (PRNT), IgM antibody

capture ELISA (MAC-ELISA) and IgG antibody ELISA,
indirect immunofluorescence (IFA), and antigen capture
ELISA have been useful in the identification of arboviral
infections.6,59,61,62 Confirmation of the virus-specific IgM
antibodies or the demonstration of a four-fold or greater
rise in neutralizing IgG antibodies in either CSF or 
serum is achieved by performing PRNT with multiple
arboviruses. Older serologic assays were technically
demanding, lacked reproducibility, and were often poor
measures of early IgM production. Recently developed
MAC-ELISAs are more reliable, rapid and repro-
ducible.59,61,62 In persons with immunosuppressive disor-
ders or who are very early in the course of the infection,
antibody titers can be negative and the diagnosis is
dependent on isolation of the virus. However, due to the
transient nature of the viremic stage and probably low
levels of virus in the CSF and serum, virus isolation using
cell culture generally has been unsuccessful and not prac-
tical for most clinical laboratories.

Although serological confirmation of disease remains the
gold standard, molecular tests are important for identifying
early infection prior to seroconversion, infected transplant
tissues and blood,59,60 and infection in immunocompro-
mised patients, and for diagnosis confirmation.59,63–66 A 
positive result with a nucleic acid amplification assay is
diagnostic of an arboviral infection; however, a negative
result does not preclude the possibility of an arboviral
infection. For example, up to 55% of CSF samples and only
approximately 10% of serum samples are positive in
patients with serologically confirmed cases of WNV
disease.59 The molecular detection of arboviral nucleic acids
is standard for vector-borne disease surveillance studies
and control programs59,63,64,66,67 and for monitoring both the
blood supply and transplantation tissues.59,60

Molecular Tests

Several assays using traditional RT-PCR, nested RT-PCR,
Taqman-based RT-PCR, and NASBA combined with either
ECL or molecular beacon detection have been developed for
the identification of arboviral infections.59,63–67 Assay
methods are highly sensitive, specific, and rapid, with
results available in as little as 2 hours for real-time RT-PCR
and NASBA molecular beacon assays. Primers usually target
the NS1, NS3, NS5, and 3′ NC regions of the genomes of the
flaviviruses. Primer probe sets may be virus specific,63,64,66 or
universal primers can be used for the detection of all
flaviviruses.65 Studies by Lanciotti et al., Division of Vector-
Borne Infectious Diseases, CDC (Fort Collins, Colorado),
have clearly defined the status of molecular testing for
arboviral infections in both humans and surveillance pop-
ulations, including mosquito pools, dead birds, horses, and
other vertebrates.63,64,66 The results of Lanciotti and col-
leagues’ evaluations of laboratory-developed RT-PCR,
Taqman RT-PCR, and NASBA-based assays for the detection
of WNV, EEE, SLE, and WEE viruses are summarized in
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Tables 39-3 and 39-4. The Taqman and NASBA assays are
currently used by the US Public Health Laboratories for
both human diagnosis and surveillance studies. ASR for
performing real-time RT-PCR (Real/Art WNV RT-PCR) are
available from Artus Biotech with a manufacturer’s claim 
of detection sensitivity of 5 to 20 nucleic acid copies per
reaction. Prodesse has two ASR reagents available, one using
standard RT-PCR and one using real-time RT-PCR, with
limits of detection of 50 and 500 copies/mL, respectively, as
per the manufacturer. Full assessment of the Artus Biotech
and Prodesse assays is currently limited by the lack of
sufficient clinical data.

VIRAL AGENTS ASSOCIATED WITH
IMMUNOSUPPRESSION

CYTOMEGALOVIRUS

Epidemiology and Disease

CMV disease may be due to primary infection but generally
is related to CMV reactivation in association with pro-
gressive immune deficiency.9–11 Neurological syndromes 

associated with CMV include peripheral neuropathy, ven-
triculoencephalitis, myelitis/polyradiculopathy, and diffuse
micronodular encephalitis with dementia.9–11

Diagnosis

The presumptive diagnosis of CMV CNS disease has been
based primarily on clinical presentation, serologic testing,
neuroradiologic studies including CT and MRI, CSF
chemistries, and the magnitude and types of CSF pleocy-
tosis.9–11 CSF viral culture is positive in only approximately
50% of patients with CMV CNS disease, and culture 
is relatively slow, requiring between 1 and 4 weeks for 
detection.9–11

Molecular Tests

Various molecular methods have been used to more accu-
rately and rapidly detect CMV in patients with active CMV
CNS disease.68 Several studies have determined that the
detection of CMV DNA by PCR in CSF of aquired immuno-
deficency syndrome (AIDS) patients was highly sensitive
(100% negative predictive value for CNS disease) but did
not always correlate with active CMV CNS disease (68.4%
positive predictive value for CNS disease).68 Sensitive qual-
itative PCR may detect nonreplicating virus, which could
clearly limit the use of these tests in the differentiation of
asymptomatic infection from active CNS disease. Quanti-
tative PCR assays with established cut-off values for differ-
entiating infection from active disease may provide an
alternative superior to qualitative PCR. For example, CSF
from AIDS patients with autopsy-proven CMV encephali-
tis had a median value of 3333 CMV genomes/105 cells
compared to a median value of 125/105 cells for AIDS
patients with neurologic symptoms not related to CMV,
and a median value of 19/105 cells for HIV-1 seronegative
controls.68 High levels of cellular CMV correlated with
marked histopathologic changes in AIDS patients.

Table 39-3. Sensitivities of the RT-PCR, Taqman, NASBA ECL,
and NASBA Molecular Beacon Assays for the Detection of WN,
SLE, EEE, and WEE Viral Culture Isolates (PFU detected*)

Assay WNV SLE EEE WEE

RT-PCR 1.00 0.15 0.77 35
Taqman 0.10 0.15 0.77 0.35
NASBA-ECL 0.01 0.15 0.77 3.5
NASBA-MB 0.10 0.15 ND ND

Sources: References 62 and 64.
*Number of plaque-forming units (PFU) detected by assay.
NASBA, nucleic acid sequence–based amplification; ECL, elec-
trochemiluminescence; MB, molecular beacon; WNV, West Nile
virus; SLE, St Louis encephalitis virus; EEE, eastern equine
encephalitis virus; WEE, western equine encephalitis virus; ND,
not done; PFU, plaque-forming units.

Table 39-4. Sensitivities of Vero Cell Culture, Taqman Assay, NASBA-ECL Assay, and RT-PCR Assay for the Detection of EEE, WEE, and
WNV from Mosquito Pools and WNV from Human CSF Specimens

Mosquito Pools

Number Tested Viral Culture Pos Taqman Pos/Equiv NASBA-ECL Pos/Equiv RT-PCR Pos/Equiv

EEE 20 4 9 7 4
WEE 20 0 3 2 3
WNV 68 32 31/2 34 24/7

CSF Samples

Number Tested Serology Pos Taqman Pos/Equiv NASBA ECL Pos/Equiv RT-PCR Pos/Equiv

WNV 10 10 4/3 7/0 0/0
WNV 10 0 0 0 0

Sources: References 62 and 64.
NASBA, nucleic acid sequence-based amplification; ECL, electrochemiluminescence;WNV,West Nile virus; SLE, St Louis Encephalitis virus;
EEE, eastern equine encephalitis virus; WEE, western equine encephalitis virus; ND, not done; Pos, positive; Equiv, equivocal.
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Additional studies are necessary to determine the level of
CMV DNA that would be considered indicative of active
CNS disease.

Several PCR-based commercial test kits, including the
Amplicor Cytomegalovirus test (Roche Molecular Systems,
Branchburg, NJ), PrimeCapture CMV DNA Detection Plate
System (Synthetic Genetics, San Diego, CA), Herpes Mplex
(Prodesse, Inc), and Herpes Generic Consensus kit
(Argene, Inc), have been used to detect human CMV in
CSF.64 In addition, the Amplicor CMV Monitor test,
the Digene CMV Hybrid Capture assay (Digene Corp,
Gaithersburg, MD), and quantitative CMV real-time DNA-
based PCR assays developed for use with the LightCycler
instrument are available to quantify CMV DNA from a
variety of clinical specimens.

A different approach, used in both transplantation recip-
ients and HIV-1-infected persons for diagnosing active
disease versus asymptomatic CMV infection, is based on
detection of CMV mRNA transcripts (immediate-early and
early, UL83, pp150, pp67).68,69 The NucliSens pp67 assay
(bioMérieux, Boxtel, the Netherlands) detects the presence
of mRNA encoding for the phosphorylated matrix tegu-
ment protein pp67, one of the most abundant late gene
transcripts that is detectable when viral replication is
occurring. The detection of pp67 mRNA in CSF was found
to be the most accurate in diagnosing active CMV CNS
disease (100% positive predictive value [PPV], 97% nega-
tive predictive value [NPV]), when compared to viral
culture (100% PPV, 82.7% NPV) and qualitative DNA PCR
(68.4 % PPV, 100% NPV).69 In addition to diagnostic utility,
quantitative PCR and the NucliSens pp67 assay have been
effective for monitoring response to therapy for CMV
infections.68

HUMAN JC POLYOMAVIRUS

Epidemiology and Disease

Primary infection with human JCV generally occurs early
in life, is usually asymptomatic, and results in a latent infec-
tion of both renal tissues and B lymphocytes.12 Reactiva-
tion occurs during cell-mediated immune deficiency and
can lead to the rapidly evolving severe demyelinating
disease of the CNS, progressive multifocal leukoen-
cephalopathy (PML). This disease is primarily seen in
patients with AIDS and, prior to the era of highly active
antiretroviral therapy (HAART), was a serious cause of
infection in 2% to 10% of AIDS patients.

Diagnosis

The diagnosis of PML can be difficult, was generally pre-
sumptive, and was based on imaging techniques (CT and
MRI) in combination with serologic studies, virus isolation
by cell culture, and electron microscopy.12 Often confir-

mation required histopathological analysis of brain biopsy
materials.

Molecular Tests

Several PCR-based strategies to detect JCV in CSF have
been established for the diagnosis of PML and to monitor
patients with AIDS who achieved a PML remission as a
result of HAART.12,70–72 Testing has included unique or
sequential CSF samples, with assays developed using single
or nested PCR combined with conventional or real-time
detection technologies. Primers have targeted different
noncoding and coding (VP1,VP2, small T-antigen, large T-
antigen) regions, often with variable results, presumably
due to the large amount of sequence variation within the
various subtypes of JCV.12 Using a variety of PCR assays,
the rate of detection of JCV in CSF from patients with PML
ranged from 30% to 89.5%.70–72 Specificity of PCR for iden-
tifying viral isolates of JCV was 100%, while specificity for
the diagnosis of confirmed PML was generally about
95%.70–72 In summary, CSF examination for JCV DNA was
shown to be useful for confirming the diagnosis of PML.
However, a negative test does not preclude the possibility
of PML and brain biopsy is necessary to confirm such
cases.

HUMAN IMMUNODEFICIENCY VIRUS

Early in the course of infection, HIV-1 enters the CNS.73,74

A complex interaction between the virus and host immune
responses leads to neurological damage that is manifested
by a variety of syndromes including meningitis, encephali-
tis, peripheral neuropathies, and AIDS dementia complex
(ADC).73,74

Molecular Tests

High HIV-1 RNA levels in CSF correlate with an increased
incidence of ADC and with the presence of cerebral
atrophy.73 Most persons with high CSF viral load have con-
comitant high plasma viral load. However, there are
patients on HAART with either very-low-level or unde-
tectable plasma viral load (<50 copies/ml) who have signs
of neurologic disease and high CSF viral load (>50,000
copies/ml). Studies have indicated that suppression of
plasma viral load does not always correspond with HIV-1
suppression in other body compartments, and the moni-
toring of such compartments may be indicated in certain
clinical situations. Therefore, when neurological symptoms
are evident, it is important to measure HIV-1 levels in the
CSF. Detectable viral load in the CSF can affect the selec-
tion of HAART, since not all drugs penetrate the CSF to 
the same degree. In addition, due to the large overlap 
of neurological symptoms associated with the various
AIDS-related neurological disorders, such as CMV
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encephalopathies and PML, CSF viral load can aid in the
differential diagnosis of ADC.69 The measurement of CSF
viral load can be achieved using a variety of commercially
available methods described in chapter 36.

Conclusions and Future Considerations

Currently, the application of molecular testing for the
detection of clinically relevant viral CNS infections is con-
sidered the standard of care. For certain viral pathogens,
such as HSV, molecular tests are considered the new gold
standard, whereas for arboviral infections, serology
remains the gold standard for human disease, yet molecu-
lar assays are useful for mosquito, bird, and vertebrate sur-
veillance studies. Molecular tests are rapid, accurate and
significantly impact patient management and outcome.
The selection of the best method or target must be care-
fully considered, as variations in both can affect the overall
performance of the assays. In certain cases, where latent
viruses may be detected, quantitative assays or assays that
target mRNA rather than DNA may provide more useful
clinical correlation for CNS disease. Laboratories must
thoroughly evaluate and validate the tests, continue to
monitor technical performance, and maintain strict envi-
ronmental precautions to prevent cross-contamination of
samples. Standardization of test methods and cooperative
participation in proficiency programs will improve per-
formance and correlation of intra- and interlaboratory
results.
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these sequelae increases with the number of PID episodes
that an individual experiences. Additionally, pregnant
women infected with CT are at risk of transmitting the
infection to their newborn infant in the form of conjunc-
tivitis or pneumonia. In males, genital CT infection is asso-
ciated with nongonococcal urethritis (NGU), epididymitis,
urethritis, prostatitis, proctitis, and Reiter syndrome.1,3

The individuals at greatest risk of genital CT infections
are adolescents and young adults, ages 14 to 24 years, which
is similar to the age of prevalence for human papillo-
mavirus (HPV). Intervention based on selective screening
for genital CT infection has reduced its prevalence, as well
as the incidence of PID and ectopic pregnancy. These
improved outcomes have occurred with the implementa-
tion of nucleic acid amplification testing (NAT), use of less-
invasive and better-tolerated collection techniques, and
development of more stable specimen transport systems.
Molecular testing for sexually transmitted diseases (STDs)
is an advantageous approach, especially in the high preva-
lence or high-risk patient populations.

CT infection often is silent, with up to 70% of infected
females and 50% of infected males being asymptomatic;
therefore, a significant number of individuals do not seek
treatment and are at risk of developing complications from
the infection. Mass screening programs in Europe have led
to a significant reduction in CT prevalence. However, to be
successful, these programs must be practical and accept-
able to the targeted patient populations. Acceptable screen-
ing programs might include the use of self-collected
vaginal specimens or first-void urines that could be stably
shipped at ambient temperatures. This strategy has the
advantage of limiting the number of physician office visits
for individuals, thereby increasing compliance.

Neisseria Gonorrhoeae

Neisseria gonorrhoeae is a gram-positive, oxidase-positive,
intracellular diplococcus. Microscopically, the microorgan-
ism has a characteristic kidney or coffee bean appearance.
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CHLAMYDIA TRACHOMATIS AND 
NEISSERIA GONORRHEAE

Clinical Utility

Chlamydia trachomatis (CT) and Neisseria gonorrheae
(GC) are presented together, not because of their similari-
ties in disease presentation, but because of the current
trend in screening samples for both simultaneously. His-
torically, these organisms were identified using very differ-
ent laboratory methods: CT by tissue culture and GC by
growth in specialized bacterial medium. However, over the
past decade a revolutionary change has taken place in the
approach used to detect these two sexually transmitted
infections (STIs). In many instances, molecular testing,
either nucleic acid hybridization or nucleic acid amplifica-
tion, has replaced culture and immunoassays.

Chlamydia Trachomatis

Chlamydia trachomatis is a gram-negative, obligate intra-
cellular bacterium of global public health significance.
Infection with CT is associated with three different disease
presentations; trachoma (serovars A, B, B1, and C), genital
infection (serovars D-K), and lymphogranuloma venereum
(LV) (serovars L1, L2, and L3).1 This chapter focuses on the
diagnosis of those serovars causing genital infections.

Genital CT infections represent a major reproductive
health problem. The World Health Organization (WHO)
estimates that annually there are 89 million new cases of
genital CT globally, with more than 4 million cases occur-
ring annually in North America. In the developed world,
CT is the likely cause of secondary infertility in females,
due to its association with cervicitis, endometritis, and ure-
thritis. Between 10% and 40% of CT infections in females
will result in pelvic inflammatory disease (PID), whose
sequelae include ectopic pregnancy, tubal factor infertility,
and chronic pelvic pain.2 The risk of developing any one of
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GC is a fastidious organism, being highly susceptible to
temperature extremes and desiccation, which results in
less-than-satisfactory isolation by culture, especially when
off-site specimen transportation is required before
culture.4

The fastidious nature of GC has led to a trend from
culture toward molecular testing.5 Interestingly, experi-
ences in GC testing have led some investigators to conclude
that NAT for GC does not appreciably increase the number
of positive specimens compared to culture methods, if
optimal transport conditions have been maintained.
However, NAT allows for the use of alternative, less-
invasive specimens such as urine and self-collected vaginal
swabs for GC detection. This strategy avoids the need to
collect urethral or endocervical specimens, which should
increase compliance with testing.

Like CT, the incidence of GC is highest among young
adults under the age of 24 years. GC remains second only
to CT infection in the number of cases of a reportable STD.
Worldwide, approximately 62 million new cases of GC
occur annually. GC-associated urogenital tract infections
can lack symptoms altogether, or present with mild to
severe symptoms. In men, symptoms include acute ure-
thritis and discharge, which if left untreated can lead to 
epididymitis, prostatitis, or urethral strictures. In women,
symptoms can include endocervical inflammation and dis-
charge, which if not treated can lead to abscess formation,
salpingitis, or PID. Disseminated GC infection, although
not common, can occur in a small percentage of infected
individuals and is usually has a poor outcome.

Available Tests

Prior to the introduction of molecular testing, CT and GC
were detected from clinical specimens primarily by culture.
For CT, more rapid tests were developed to facilitate shorter
turnaround times and included enzyme immunoassays
(EIA) to detect either the LPS or MOMP antigen and direct
fluorescence assays (DFA) that used genus-specific or
species-specific monoclonal antibodies.1 For GC, direct
gram stain and culture have been used. Guidelines for CT
and GC testing now include molecular testing as a recom-
mended test method.

More molecular testing platforms for detection of CT
and GC have been cleared or approved by the Food and
Drug Administration (FDA) than for any other infectious
pathogen. These platforms include both nonamplified (e.g.,
the PACE DNA probe assay, GenProbe, San Diego, CA) and
amplified testing methods (Table 40-1). The nonamplified
probe-based assays are not discussed further in this
chapter.

The popularity of using NAT for CT and GC can be par-
tially explained by market pressures; the sheer volume of
STD testing performed annually drives commercial inter-
ests. In addition, there are a wide variety of validated spec-
imen types that have been approved for use with these
testing platforms, which help to facilitate compliance in
high-risk groups for this ever-growing public health
concern.

Table 40-1 lists four of the most commonly used,
commercially available NAT platforms for CT and GC;
three use target amplification and one uses signal
amplification methods.6–10 The table summarizes the test 
methods, purification strategies, amplification and 
detection schemes, and types of contamination controls
and internal amplification controls included in each kit.
The sample preparation protocols vary widely for these kits
and range from using crude cell lysates to using purified
nucleic acid as the input specimen. The different sample
types used and the extent of sample purification affect the
rates of inhibition and thus the need to include an internal
amplification control.

Interpretation of Test Results

Tables 40-2 through 40-4 describe in detail the three most
commonly used NAT platforms for CT and GC, specifically,
ProbeTec ET (Becton, Dickinson and Co, Franklin Lakes,
NJ), Aptima Combo 2 (Gen-Probe, Inc, San Diego, CA), and
Amplicor CT/NG Assays (Roche Diagnostics, Indianapolis,
IN). The tables provide the gene targeted for CT and GC
detection, the recommended clinical specimens, optimal
transport and storage conditions, processing deadlines, test
interpretations, workflow issues, and other features of these
test methods. Many investigators have published perform-
ance data using these platforms.6,7,9–16

Table 40-1. Summary of Selected NAT Platforms for Chlamydia trachomatis and Neisseria Gonorrheae

Assay Sample Amplification Detection Contamination 
Manufacturer Method Preparation Strategy Strategy Controls IAC

Becton Dickinson SDA Crude cell lysate Target Fluorescence Closed System Yes
Postamplification Bleach

Digene Corporation hc2 Hybrid capture Signal Chemiluminescence No recommendations No
Gen-Probe, Inc TMA Target capture Target Chemiluminescence Postamplification Bleach No

Dual Kinetics Assay
Roche Diagnostics PCR Crude cell lysate Target Colorimetric Preamplification dUTP, UNG Yes

SDA, strand displacement amplification; IAC, internal amplification control; NASBA, nucleic acid sequence–based amplification; hc2, Hybrid
Capture 2; TMA, transcription-mediated amplification; PCR, polymerase chain reaction; NAT, nucleic acid amplification testing.



40. Sexually Transmitted Diseases 449

Table 40-3. Gen-Probe Aptima Combo 2 Assays: Parameters and Test Interpretation for CT/GC Detection Using TMA and DKA Tech-
nologies

Target 23S rRNA/16S rRNA
Specimens Female and male urine

Endocervical and male urethral swabs
Specimen handling Urines and Swabs: Transport at 2°C to 30°C and process within 60 days of collection.

Transport both specimen types in the proper collection devices.

Test interpretation
Signals in relative light units (RLU)

Negative Equivocal Positive

For CT CT only 1 to <25 25 to <100 100 to <3000
CT and GC 1 to <85 85 to <250 250 to <3000

For GC CT indeterminate 1 to <85 85 to <3000 NA

Rapid “flasher” kinetics
Slower “glower” kinetics Negative Equivocal Positive
CT only 1 to <60 60 to <150 150 to <4500
CT and GC 1 to <85 85 to <250 250 to <4500
CT indeterminate 1 to <85 85 to <4500 NA

Workflow issues Simultaneous amplification and detection of CT and GC.
Options include manual assay or Tecan-assisted assay.

Other features No known cross-reactivity with nongonococcal Neisseria species.

Complete package insert is available at: http://www.gen-probe.com.
TMA, transcription-mediated amplification; DKA, dual kinetic assay; NA, not applicable.

Table 40-2. BD ProbeTecTM ET CT/GC SDA Assays: Parameters and Test Interpretation for CT/GC Detection

Target CT: Cryptic plasmid
GC: PivNg gene

Specimens Female and male urine
Endocervical and urethral swabs

Specimen handling Urines: Adding a UPP to urine sample at specimen collection site permits 15°C to 27°C transport;
process within 2 days of collection. Unpreserved urines should be transported at 2°C to 8°C; process within 7 days
of collection. See package insert for all approved variations for urine specimens.

Swabs: Transport swabs at 2°C to 27°C; process within 4 days.

Test interpretations
IAC CT/GC MOTA Score AC MOTA Score Result Interpretation

No <2,000 NA Negative CT and/or GC not detected
2,000 to 9,999 NA Low positive CT and/or GC likely, supplemental testing
≥10,000 NA Positive CT and/or GC detected

Yes <2,000 <1,000 Indeterminate Inhibition
<2,000 ≥1,000 Negative CT and/or GC not detected
2,000 to 9,999 Any Low positive CT and/or GC likely, supplemental testing
≥10,000 Any Positive CT and/or GC detected

Workflow issues Individual amplification and detection reactions required for CT and GC, or CT, GC, and IAC.
Other features CT: IAC consists of 1,000 copies of a linearized GC DNA containing plasmid.

GC: Cross-reactivity to some nongonococcal Neisseria species.

Complete package insert is available at: http://www.bd.com.
IAC, Internal amplification control; MOTA, method other than acceleration; NA, not applicable; UPP, urine processing pouch.
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Laboratory Issues

The following laboratory issues are noteworthy when NAT
platforms for CT and GC testing are selected.17–21

Inhibitors and Internal Controls

Amplification inhibition is common within urogenital
specimens, with consequent negative effects on test
results.22 The percentage of specimens containing ampli-
fication inhibitors ranges from 1% to 5% for urines and as
much as 20% for cervical swabs. Initial studies found that
inhibition could be reduced or eliminated if specimens
were first refrigerated overnight or frozen and thawed
before testing, pointing to the labile nature of some
inhibitors. However, other inhibitors are quite stable 
and thus more difficult to neutralize. Some of the 
commercially available platforms include an internal
amplification control (IAC) to identify specimens contain-
ing inhibitors. Alternatively, inhibitors can be removed if
nucleic acid purification steps are included in the sample
preparation protocol. For testing platforms that include an
IAC, the testing algorithm states that when the internal
control fails, the results of a specimen without detectable
CT and/or GC cannot be reported as negative due to the
likelihood that amplification inhibitors are present in the
specimen.

Cross-Reactivity with Nongonnococcal 
Neisseria Species

The specificity for some GC NAT platforms has been prob-
lematic due to cross-reactivity with certain nongonococcal
species of Neisseria.23,24 This problem is thought to arise
from the intraspecies and interspecies genetic recombina-
tion that occurs between Neisseria species, which can result
in false-positive NAT results with certain of the commen-
sal Neisseria species.16 Of eight nongonococcal species
tested, five species demonstrated cross-reactivity: N.
cinerea, N. flavescens, N. lactamica, N. subflava, and N.
sicca. False-positive results were seen with N. flavescens,
N. lactamica, N. subflava, and N. cinerea using the BD Pro-
beTec assay, and with N. flavescens, N. lactamica, and N.
sicca using the Roche Amplicor assay. Since N. cinerea, N.
lactamica, N. subflava, and N. sicca isolates have been
recovered from genital mucosa, it is possible to generate
false-positive results from genital specimens as well as pha-
ryngeal specimens. Therefore, confirmatory testing using a
different gene target may be useful.

Confirmatory Testing

When a testing platform is being selected, the prevalence
of infection in the population being tested is of signi-
ficance. The analytical performance of any test is depend-

Table 40-4. Roche Amplicor and Cobas Amplicor CT/NG PCR Assay: Parameters and Test Interpretation for CT/NG Detection

Targets Cryptic plasmid/M·Ngo PII (Cytosine DNA methyltransferase)
Specimens Female and male urine (CT only)

Endocervical and male urethral swabs (CT/NG)
Specimen handling Transport swabs and urines at 2° to 8°C

Store swabs and urines at 2° to 8°C; process within 7 days of collection; −20°C: process within 30 to 60 days 
of collection.

Test interpretation 
For CT IC A660 CT Result IC Result Interpretation

Without <0.2 NA NA Negative
≥0.2 to <2.0 NA NA Equivocal
≥2.0 NA NA Positive

With <0.2 Negative Positive CT not detected
<0.2 Negative Negative Inhibition
≥0.2 to <2.0 Equivocal Any Equivocal

For NG IC A660 NG Result IC Result Interpretation

Without <0.2 NA NA Negative
≥0.2 to <3.5 NA NA Equivocal
≥2.0 NA NA Positive

With <0.2 Negative Positive GC not detected
<0.2 Negative Negative Inhibition
≥0.2 to <3.5 Equivocal Any Equivocal
≥2.0 Positive Any GC detected

Workflow issues Simultaneous amplification of CT/NG/IC with separate detection reactions.
Other issues IC is a plasmid-containing CT primer binding sites and randomized internal sequence.

Cross-reactivity with certain nongonococcal Neisseria species.

PCR, polymerase chain reaction; A660, Absorbance660; IC, internal control.
More information is available at: http://www.roche-diagnostics.us.
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ent on the prevalence of infection, with the risk of gener-
ating false-positive results being inversely related to the
prevalence. These issues have fueled the debate over the
need for confirmatory testing for CT and GC. Both are
reportable infections, with the potential for psychosocial
and/or medico-legal consequences for a false-positive or a
true-positive result.17,18,25 FDA-cleared confirmatory tests
for CT and GC are now available.

The most recent CDC Guidelines for STD testing have
addressed the issue of confirmatory testing, providing a
variety of options.26 These guidelines are especially critical
for confirmatory testing in low-prevalence populations
where the positive predictive value (PPV) of the assay is
known to be less than 90%. In fact, the manufacturers’
package inserts illustrate this point, with a PPV of 32% to
60% for any of these tests when the GC prevalence is 1%.
This also is true for CT testing, with a PPV range from 56%
and 74% when the prevalence is 5%. The most recent
options recommended by the CDC for confirmatory testing
are summarized as follows:

• Test another specimen with a different assay that has a
different target.

• Test the original specimen with a different assay that has
a different target.

• Test the original specimen using the original test, incor-
porating a blocking antibody or competitive probe.

• Test the original specimen again using the original test.

To this end, many laboratories have developed algorithms
to incorporate confirmatory testing in their workflow.
Some laboratories establish an equivocal range for 
specimens with an initial low-level positive or high-level
negative result. Although laboratory personnel feel more
confident in reporting positive results that are confirmed
by repeat testing, this has cost implications. Questions
remain about the proper reporting strategy for specimens
that do not reconfirm as positive on repeat testing.

Amplification Contamination Control

The advent of NAT, with its exquisite sensitivity, has given
birth to a whole new mind-set for cleanliness in the molec-
ular testing laboratory. No longer is disinfection of the
benchtop after a day’s work adequate. New standards strive
to “nuclease” the laboratory environment to remove or
prevent amplicon contamination. Strategies includes daily
cleaning of laboratory surfaces with a bleach solution, and
frequently replacing disposable gloves and gowns while
working in the pre- and postamplification area(s). A
regular schedule for performing wipe testing to monitor
for amplicon contamination should be enforced. For many
of the current NAT platforms, pre- and postamplification
steps should be performed, if possible, in separate rooms
with positive and negative airflow, respectively. In the
future, much of the monumental efforts currently taken to
minimize amplicon contamination may be reduced or
eliminated altogether with the introduction of fully auto-

mated, closed real-time NAT systems that incorporate
sample preparation, nucleic acid amplification, and detec-
tion in a single closed reaction.

Future Directions

Testing Noninvasive Specimen Types

One of the more recent changes to STD testing has been
the use of noninvasively collected samples, including self-
collected vaginal swabs and first-void urines.20,27–32 The
greatest impact of this change will be seen in the young
adult patient population, age range from 14 to 24 years,
where the prevalence of CT and GC infections is highest
and the willingness to undergo a pelvic examination or
urethral swab collection is lowest.

Out-of-the-Vial Testing

Another concept currently being marketed is out-of-the-
vial testing for STDs.11 This testing approach would use the
remainder of liquid-based cytology fluid collected for Pap
testing not only for HPV testing but also for CT and GC
testing. Many critical issues must be addressed before this
approach can be implemented; these include technical
issues (cross contamination), ethical issues (waiting to
perform the infectious disease testing until after the cytol-
ogy screening is completed), and legal issues (cancer diag-
nosis takes precedence over STD diagnosis). Successful
implementation of this strategy will require the coopera-
tion of many interested groups. The ability to use a pre-
aliquot of the sample from the liquid-based cytology
specimen for STD testing prior to the Pap analysis may
provide a workable solution.

Automated NAT

Fully automated instrumentation (including specimen 
processing, amplification, detection, and reporting) will
facilitate testing. Gen-Probe launched the Tigris, a fully
automated high-throughput system, while Cepheid has
introduced the GeneXpert System. Other manufacturers
have similar systems in development.

TRICHOMONAS VAGINALIS

Clinical Utility
Trichomonas vaginalis (TV) is a flagellated protozoan and
the only species within its genus that can infect squamous
epithelial cells of the human urogenital tract.33 TV infec-
tion is considered to be a nonulcerative STD but is associ-
ated with severe local inflammation. In women, symptoms
may include vulvar irritation and vaginal discharge, which
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appears frothy, mucopurulent, and yellow-green in color.
During a TV infection, the vaginal pH is often abnormally
elevated (pH > 4.5). Complications of TV infection in
untreated women include endometritis, infertility, and cer-
vical erosion. In men infected with TV, symptoms may
include profuse purulent urethritis and a form of NGU,
with complications including chronic prostatitis, urethral
strictures, epididymitis, and/or infertility if the infection is
untreated.34,35

Detection of TV infections in males has received much
less attention than detection in females. However, with the
advent of NAT, this understudied infection in men has
become more appreciated, and thus research studies have
provided important information on its prevalence, clinical
symptoms, sequelae, and the most appropriate specimen to
collect for proper diagnosis. TV has a greater role in NGU
than previously thought.36 As in females, direct micro-
scopic examination of urethral discharge in males has poor
sensitivity for detection of TV.

Worldwide, TV infection accounts for more than 167
million to 200 million cases annually. WHO estimates that
TV infection accounts for close to half of all treatable STIs
worldwide. In the United States, the annual incidence of TV
infection is estimated between 5 million and 8 million cases.
However, because TV infection is not a reportable disease,
this number may be an underestimate. Unlike CT and GC,
where prevalence is higher in adolescents and young adults,
TV is more equally distributed among all age groups.

The detection of TV in an individual is considered 
by healthcare providers to be a red flag for high-risk 
sexual behavior and is frequently present along with other
STIs in the same individual. Diagnosing TV is difficult,
because 50% to 70% of all infected individuals are asympto-
matic. Without a sensitive assay, infected individuals left
untreated continue to act as a reservoir for ongoing disease
transmission.

TV infection is associated with two important sequelae:
(1) an increased risk of acquiring human immuno-
deficiency virus (HIV) and (2) an increased risk of peri-
natal morbidity and mortality.37–40 HIV transmission is
enhanced by the local inflammation reaction within the
genital tract that is present with TV infections. In women,
TV infection is strongly associated with an abnormal
vaginal ecology. Harboring TV may contribute to the
change in vaginal flora, which is associated with decreased
lactic acid production and subsequent increase in vaginal
pH. Lactic acid production and the normally low pH of the
genital tract environment help to inactivate HIV. Therefore,
a change in the vaginal environment to a less-hostile envi-
ronment promotes an increased survival of HIV. If this
hypothesis is correct, then controlling TV infections could
lower HIV acquisition.

The increased risk of perinatal morbidity and mortality
with TV infection is associated with premature rupture 
of membranes (PROM), preterm delivery, and low-
birth-weight infants in pregnant women infected with TV.41

Although controversial, these associations suggest a need

for increased efforts to detect and treat this infection in
pregnant women.42

Screening for TV infection is usually done only in public
health STD clinics and some obstetrical practices. Success-
ful control of this STI would be aided greatly by perform-
ing contact follow-ups with sexual partners and using a
more sensitive diagnostic assay. Improved detection of TV
by using NAT, as was the case for CT, would be predicted
to reduce the incidence of TV infection and assist in reduc-
ing HIV transmission and possibly even poor pregnancy
outcomes.43

Available Tests

Historically, the most common means of diagnosing TV in
urogenital discharge was direct microscopic examination,
broth culturing, or both. Direct microscopic examination of
genital discharge material on a slide is certainly the most rapid
and inexpensive method to use, but it lacks adequate sensi-
tivity, which is reported to be approximately 40% to 70%.44

The low level of sensitivity with microscopic examination may
be due to the rapid loss of the characteristic protozoan 
motility once TV has been removed from a 37°C environment,
and to the fact that nonmotile TV organisms are difficult to 
differentiate from leukocytes, being similar in size.

Currently, broth culturing is the gold standard for detec-
tion of TV.45 Successful growth in culture can be achieved
with as few as 300 to 500 TV organisms per milliliter of
vaginal fluid, but this approach requires 2 to 7 days of
incubation and daily microscopic examination. Culture
methods have sensitivities that range between 50% and
80% but require specialized medium such as Diamond’s
broth, Tricosel medium, or the In-Pouch system. These spe-
cialized media may not be available in the physician’s
office. In addition, some TV isolates do not grow in culture
due to strain requirements, low numbers of organisms, or
damaged/nonviable organisms.

These limitations have led some laboratories to develop
NAT for TV DNA. Although none of the NAT are commer-
cially available, numerous assays have been described that
are specific for TV.46–53 A range of testing platforms has
been developed, including conventional and real-time NAT
assays. The most commonly cited TV targets used for NAT
are listed in Table 40-5. The repetitive DNA sequences have
a higher copy number per organism and therefore may
result in a more sensitive assay.

Table 40-5. Summary of the Commonly Used Trichomonas Vagi-
nalis Specific Targets for NAT

Primer Pair DNA Target Amplicon (bp)

TVK3, TVK7 Repetitive DNA 312
TVK3, TVK4 Repetitive DNA 350
BTUB2, BTUB9 Beta Tubulin 112
TV1, TV2 18S rRNA gene 312
TV-E650 E650 650
TVA5, TVA6 Ferredoxin gene 102
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Interpretation of Test Results

Currently, no FDA-approved test kits or analyte-specific
reagents for TV are commercially available. Therefore, the
individual laboratories performing NAT for TV DNA need
to establish the interpretation criteria. The following issues
should be included in the development and validation of
NAT for TV:

• Rule out cross-reactivity of primers and probes with
non-TV targets that could be present within the 
specimens.

• Validate the different specimen types to be tested, and
the handling conditions to be used.

• Establish a protocol for specimen preparation.
• Establish the limit of detection for TV DNA.
• Establish analytical performance of the assay including

sensitivity and specificity, and positive and negative pre-
dictive values.

• If applicable, include the rationale for establishing posi-
tive and negative cutoff values and whether an equivocal
zone is used.

• Establish a protocol for repeat testing and reporting of
indeterminate results.

• Address resolution of culture-negative, NAT-positive 
discrepancies.

• Assess the presence of interfering substances by includ-
ing an internal amplification control.

• Ensure specimen adequacy by testing for an endogenous
housekeeping gene such as beta globin.

• Develop an alternative proficiency testing program for
TV NAT because an external program is not available.

Laboratory Issues

Target Selection

Validation of the primers and probes is necessary for 
laboratory-developed NAT to rule out cross-reactivity 
with other Trichomonas species, such as T. tena, as well as
to other organisms that may be present within the uro-
genital tract specimen, including human genomic DNA.
The TV-specific primer pairs and probes described in the
literature recognize different gene targets that vary in their
copy number. In general, choosing a gene target that is
present in multiple copies per genome is usually preferable
to choosing a single-copy gene target.

Internal Control

Both vaginal swabs and urine specimens can contain
inhibitors that interfere with the nucleic acid amplification
reaction. For interpreting negative results, it is important
to include an internal control in the assay, especially if a
crude cell lysate is used as the input material for testing.

More details on inhibitors can be found within the CT and
GC section of this chapter.

Specimen Collection

The optimal specimen to collect differs for women and
men. For women, the specimen of choice is vaginal dis-
charge collected using a Dacron-tipped, plastic-shaft swab,
while for men, the sediment from the first-void urine is
superior to a urethral swab specimen. For increased ana-
lytical sensitivity, only the first 20 ml to 30 ml of the first-
void urine should be collected.

Specimen Transport

TV expresses and secretes numerous proteases. Therefore,
for greatest target stability, specimens should be trans-
ported at temperatures below room temperature (≤2°C 
to 8°C).

Future Directions

Multiplex Testing for CT, GC, and TV

Multiplex testing for CT and GC has been available for
years. Recently, there has been increased attention given to
including TV as a target. With the prevalence of TV being
greater than that of CT and GC combined in many regions,
along with the association of TV infection with increased
risk of HIV acquisition, inclusion of TV in a multiplex STD
panel is a reasonable idea. Depending on the prevalence of
other STIs within a patient population or geographic area,
additional targets may be considered applicable for a mul-
tiplex STD panel.

Greater Use of Noninvasive Specimens

As with CT and GC detection, collection of first-void 
urines or self-collected vaginal swab-based specimens 
may improve patient compliance for TV testing.32 This
approach may in turn help to identify the asymptomatic,
infected individuals and reduce transmission to sexual
partners.

HUMAN PAPILLOMAVIRUS

Clinical Utility

Human papillomaviruses (HPV) are small, nonenveloped,
double-stranded, circular DNA (∼8 kilobases [kb]) viruses
with a very limited cell tropism. To date, more than 100 
different types of HPV have been identified.54 HPV can
infect and replicate in the nuclei of only certain squamous
epithelial cells, which are classified as either cutaneous or
mucosal in nature. In general, the cutaneous types of HPV
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infect keratinizing epithelium, while mucosal types infect
nonkeratinizing epithelium. This section focuses on the
approximately 30 types of anogenital HPV, which can be
spread through sexual contact.

The sexually transmitted HPV types can be further
classified by their risk of disease progression. Infection
with a low-risk HPV is commonly associated with condy-
loma accuminata or genital warts, and is considered benign
or low-risk for progression to malignancy.55 In contrast,
infection with a high-risk HPV can be associated with cer-
vical cancer in women and penile cancer in men.56–58 High-
risk HPV types play a major role in the pathogenesis of
epithelial cell cancers of the anogenital tract, as they induce
epithelial cell proliferation.59,60

HPV is one of the most common sexually transmitted
infections. It is estimated that more than 5 million new
cases are contracted annually in the United States, with
more than 20 million men and women currently infected.
The prevalence of HPV is highest among sexually active
young women ages 15 through 25 years.

While most men and women infected with anogenital
HPV types will not develop cancer, a subset will; a process
that may take decades to occur.61,62 Certain cofactors may
be important in disease progression as well, including the
individual’s immune status, certain HLA types, smoking,
nutritional status, or possibly coinfection with HIV-1,
herpes simplex virus, or Chlamydia trachomatis.63–67

Women ages 30 years or older who are persistently infected
within the cervix with a high-risk HPV type are at an
increased risk for developing cervical cancer. Thus, HPV
acquisition during adolescence may have long-term conse-
quences for health later in adulthood.68,69

Worldwide, cervical cancer is the second most common
female cancer, with approximately 493,000 women devel-
oping cervical cancer each year. In the United States,
approximately 13,000 new cases of cervical cancer are diag-
nosed annually. Cervical cancer is a highly preventable
disease if detected and treated early. Infection with high-
risk HPV types is associated with the appearance of
clinical lesions. In fact, HPV now is considered to be a nec-
essary cause of invasive cervical cancer.70 Abnormal cell
growth or cervical dysplasia is an early manifestation of
HPV infection. The characteristic cellular changes caused
by HPV infection can be detected on Pap smear evaluations
or in cervical biopsies. The morphologic changes of
dysplasia are classified as atypical squamous cells of
undetermined significance (ASCUS), low-grade squamous
intraepithelial lesion (LSIL), or high-grade squamous
intraepithelial lesion (HSIL).71,72

Annually, approximately 2 million Pap tests performed
in the United States are interpreted as an ASCUS-grade
result. ASCUS rates typically fall within the range of 5% to
10% but can be as high as 20% in younger women. Current
recommendations include reflex testing (triage) for high-
risk HPV for patients with an ASCUS-grade Pap smear
result; patients testing negative for HPV DNA can be fol-
lowed according to routine practice, while those testing
positive for high-risk HPV should be referred to col-

poscopy, as progression to high-grade disease is proba-
ble.73,74 Patients with abnormal Pap smears whose speci-
mens contain high-risk HPV DNA require immediate
medical attention.75–78

In 2003, the FDA approved the Digene Hybrid Capture 2
(hc2) assay for use with a Pap test for adjunct screening of
women ages 30 years and older for high-risk HPV infec-
tion. This recommendation was based on the theory that in
this age group, the combined negative predictive value of
Pap and hc2 would improve the sensitivity of cervical
screening. Women who have both a normal Pap test and a
negative high-risk HPV screen can be screened once every
3 years instead of annually.

Available Tests

Molecular testing platforms have been particularly helpful
in detecting and classifying the HPV DNA within clinical
specimens, as viral culturing is not easily accomplished 
and cytological examinations cannot differentiate between
low-risk and high-risk types of HPV. Several nucleic
acid–based tests have been developed for the detection and
typing of HPV strains. These tests include signal
amplification assays, polymerase chain reaction (PCR), and
in situ hybridization.

Digene Hybrid Capture 2 Assay

Currently, the Hybrid Capture 2 (hc2) HPV Assay (Digene
Corp, Gaithersburg, MD) is the only FDA-approved test kit
for detecting low-risk or high-risk HPV types from cervi-
cal specimens.79 This test is a signal amplification assay,
with separate tests for high-risk and low-risk HPV types.
The indicated uses for both the high-risk and the low-risk
HPV hc2 assay include aiding in the diagnosis of sexually
transmitted HPV infections. In contrast, the indicated uses
for the high-risk assay include (1) screening specimens
from patients with an ASCUS-grade Pap test result to 
determine the need for colposcopy73,78 and (2) as a primary
screening tool in conjunction with a Pap test for women 30
years and older.76 Recommended specimen types for this
assay include cervical swabs and liquid-based cytology
specimens. The recommended collection devices and
transport media include cervical brushes and cervical
biopsies transported in specimen transport medium
(STM), or a cervical broom transported in Cytyc Preserv-
Cyt (PC) solution.

The principle of the hc2 HPV assay is as follows: Target
DNA, liberated from the virus, is denatured and allowed to
hybridize with a specific cocktail of RNA probes. The high-
risk cocktail contains 13 RNA probes recognizing HPV
types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68. The
low-risk cocktail contains five RNA probes recognizing
HPV types 6, 11, 42, 43, and 44. The resulting DNA-RNA
hybrids are captured onto the surface of a microtiter well
coated with polyclonal antibodies specific for RNA-DNA
hybrids. Alkaline phosphatase (AP) conjugated antibodies
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recognizing the immobilized hybrids bind several mole-
cules per target to provide signal amplification. Finally, the
chemiluminescent substrate CDP-Star with Emerald II is
added to the wells and cleaved by the AP enzyme. The
resulting light emission is measured as relative light units
(RLUs) using a luminometer.

Interpretation of Test Results

Prior to interpreting the patient specimen results of the 
hc2 HPV test, assay calibration verification must meet the 
following criteria:

• Mean value of the negative control must be <250 RLU
with a %CV ≤ 25% for at least 2 of the 3 values.

• %CV of the calibrator mean value must be <15% for at
least 2 of the 3 values.

• Ratio of the calibrator mean over the negative control
mean must be ≥2.0.

If the above criteria are met, then the cutoff value can be
calculated for determining positive specimens. The cali-
brator mean value serves as the cutoff value. A ratio of
specimen RLU/cutoff value (CO) is generated, and, accord-
ing to the package insert:

• Specimens with RLU/CO ratios ≥1.0 are interpreted as
positive.

• Specimens with RLU/CO ratios <1.0 are interpreted as
negative, or nondetected for the 13 high-risk HPV types
tested.

• When testing PC solution specimens, if the RLU/CO ratio
of a specimen is ≥1.0 and <2.5, the specimen must be
retested. If the initial retest result is positive (≥1.0
RLU/CO), the specimen can be reported as positive. If the
first retest is negative (<1.0), then a second retest should
be performed. The result of the second retest is consid-
ered the final result and is to be reported.

Laboratory Issues

Specimen Expiration Date

Routinely, the liquid-based cytological evaluation (Pap
test) is performed before the HPV DNA testing is done.
Therefore, the DNA testing laboratory must carefully
monitor the specimen-collection and testing dates to
assure that the specimens have not exceeded their expira-
tion date as stated in the package insert for the hc2 HPV
assay.

Low-Volume Specimens Received for 
HPV DNA Testing

Inadequately collected specimens may contain fewer cells
than normal, which results in a greater volume of the spec-

imen being used for the Pap test, leaving fewer than normal
cell numbers for the HPV DNA testing. Lower than usual
cell numbers may still occur even if the specimen contains
the required 4.0 ml volume. Technologists need to be 
aware of this issue when visually inspecting the pelleted
material during HPV sample preparation to ensure quality
results.

Assay Reproducibility

As with any test, reproducibility is most problematic at the
assay’s limit of detection. Therefore, specimens containing
a limited number of HPV also will be the least reproducible
specimens. In contrast, specimens containing a high level
of HPV will have the greatest reproducibility. It is impor-
tant to remember that the positive predictive value of any
assay will decrease when the test is used in populations
with low prevalence.

False-Positive Results

False-positive results are known to occur with the hc2 HPV
assay due to the following conditions:

• Contamination of specimen with exogenous alkaline
phosphatase.

• Inadequate denaturation of initial specimen.
• Inadequate washing during the assay.
• Cross-reactivity with HPV types 40, 53 and 66.
• Cross-reactivity with low-risk HPV types. Hybridization

exists between low-risk HPV types 6 and 42 with 
the high-risk probe set. Specimens containing high levels
(≥4 ng/ml) of HPV 6 or 42 DNA may be falsely positive
in the hc2 high-risk HPV assay.

HPV PCR

There are numerous PCR assays in the literature describ-
ing HPV DNA amplification.80–82 A common strategy uti-
lizes the L1 consensus primer pair MY09 and MY11 to
amplify HPV DNA, followed by hybridization with specific
probes for amplicon detection and confirmation. Recent
modifications to the MY09/11 assay have been described
using the PGMY primers, which amplify a smaller region
internal to the MY09/11 sequence and have improved
detection of HPV DNA in genital samples.83 HPV genotyp-
ing can be performed using line blot or line probe assays
or DNA sequencing.84 Currently there are no FDA-cleared
PCR assays for HPV detection or typing. However, outside
of the United States, Roche Diagnostics offers the Amplicor
HPV test, which detects 13 high-risk HPV types, and the
Linear Array HPV Genotyping test, which detects 37 high-
and low-risk HVP types.
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Inform HPV Assay

The Inform HPV assay (Ventana Medical Systems, Inc,
Tucson, AZ) is an in situ hybridization (ISH) test used in
conjunction with the company’s Benchmark IHC and ISH
staining system.85 The Inform HPV assay is not an FDA-
approved test kit. The automated ISH technology is a slide-
based HPV assay that provides HPV DNA detection in the
context of cervical cell morphology. The assay does not
detect cell-free HPV DNA. The company offers both high-
risk and low-risk HPV genomic fluorescently labeled probe
cocktails for ISH testing.

Invader HPV Reagents

Third Wave Technologies (Madison, WI) offers analyte-
specific reagents (ASR) for detecting the DNA of 13 HPV
types, including types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
59, and 68, along with the human histone gene. The HPV
ASR are packaged as four separate mixtures based on phy-
logenic relatedness, and include A5/A6, A7, A9 and human
histone. Analytical and performance characteristics are
established by individual laboratories.

Summary

In summary, the limits of detection for the various assays
are between 50 and 100 genome copies for PCR, approxi-
mately 500 to 1000 genome copies for signal amplification
assays, and approximately 100,000 genome copies for DNA
in situ hybridization assays.

Future Directions

A number of possible applications are on the horizon for
HPV testing.

• Several manufacturers are marketing out-of-the-vial
testing for HPV detection from liquid-based cytology
specimens. More comments can be found on this topic
in the CT/GC section of this chapter.86

• There is potential prognostic value in determining quan-
titative HPV viral load measurements. Further studies
will be needed before any conclusions can be made on
this topic including addressing variations in the cell
numbers present within specimens and the viral copy
number present per cell.

• In light of the recent findings of an elevated risk of cer-
vical precancer and cancer in women with HPV type 16
or 18 compared to the other high-risk HPV types, HPV
viral typing may prove informative in differentiating
between viral persistence and reinfection.87

• Virus persistence and disease progression will be assessed
relative to HPV E6 and E7 mRNA gene expression.

• The level of CpG methylation of high-risk HPV DNA
may be explored.
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prevent inappropriate antibiotic use or to consider use of
antiviral therapy.3,4

Molecular techniques have the potential to enhance 
our diagnostic approaches to respiratory pathogen
identification and enable more detailed analysis of out-
breaks. Use of nucleic acid detection methods has demon-
strated that some organisms are more common and
important causes of respiratory infection and disease than
previously appreciated. Molecular methods are applied to
the diagnostic detection and analysis of the viral and some
of the atypical bacterial causes of respiratory infections.

Clinical Utility

Limitations of Conventional Diagnostic
Procedures

Conventional diagnostic techniques (culture, antigen, and
antibody detection) have been widely utilized for the diag-
nosis of individual infections and for the identification of
respiratory outbreak pathogens with varying success.
Culture-based methods are the mainstay for the diagnosis
of more typical bacterial infections, such as Streptococcus
pneumoniae and Staphylococcus aureus, and provide 
isolates for antimicrobial susceptibility testing. For many
agents of CAP, however, culture methods have significant
drawbacks. In particular, such diagnostic approaches have
very low sensitivity for atypical bacteria, due to the 
fastidious nature of the organisms (e.g., M. pneumoniae, C.
pneumoniae, Bordetella pertussis), and are too slow to
influence patient management. In other cases, culture
methods are hazardous and require enhanced containment
laboratories (e.g., Chlamydophilia psittaci, Coxiella bur-
netii, Francisella tularensis, Yersinia pestis), which is a
costly and not widely available option.

Cell culture for respiratory viruses is cumbersome, expen-
sive, and available only in major medical centers. For many
viral infections, suitable culture techniques and antibodies
for isolate identification are not available. Thus, infections

459

Introduction

Respiratory tract infections are among the most common
presenting complaints of patients in both hospital and
community settings. They are a considerable burden in
terms of both patient morbidity and public health inter-
ventions. Laboratory diagnosis of respiratory tract infec-
tions should provide guidance in therapy and prognosis,
as well as useful epidemiological information reflecting
trends in the community. Understanding and monitoring
such trends facilitates early recognition of new infectious
agents in a population. A summary of the common viruses
and bacteria causing respiratory tract infections and their
clinical relevance is given in Tables 41-1 and 41-2,
respectively.

Even with a significant clinical effort and analysis of
multiple specimens, current laboratory methods fail to
diagnose approximately half of lower respiratory tract
infections. In fact, laboratory diagnosis of community-
acquired pneumonia (CAP) is so poor that current clinical
practice guidelines do not recommend testing for all but
the most severely affected patients and advise use of
empiric therapy.1 This pragmatic approach fails to address
issues of antimicrobial overuse and resistance, public
health surveillance, and advancement of medical knowl-
edge.

Many “atypical” bacteria are known to cause severe res-
piratory symptoms, but lack of good diagnostic procedures
has hampered the measurement of the real impact of such
infections in the community. Despite vaccination policies,
Bordetella pertussis infection remains relatively common
in children and adults and is associated with chronic 
cough in adults.2 Mycoplasma pneumoniae, Legionella
pneumophila, and Chlamydophilia (previously Chlamydia)
pneumoniae are all recognized causes of lower respiratory
tract infections, but again, their impact has not been
studied in detail. In addition, despite the well-recognized
association of viral infections with upper and lower respi-
ratory tract infections, the current diagnostic virology 
procedures do not provide an answer rapidly enough to
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with parainfluenza virus type 4, human coronaviruses, rhi-
noviruses, and some enteroviruses would not ordinarily be
identified without RNA detection methods. The impact of
such infections is only just being realized, and there is prob-
ably an underestimation of their clinical importance, partic-
ularly for immunocompromised individuals, the elderly, or
those with underlying conditions such as asthma.5,6

Human metapneumovirus has been confirmed as an
important cause of severe lower respiratory tract infection.
The virus has been circulating for more than 50 years, and
studies using molecular assays have confirmed its wide dis-
tribution,7,8 but many laboratories have not been success-
ful in isolating this virus. The recent identification of the
agent causing severe acute respiratory syndrome (SARS),
known as SARS-CoV, has illustrated the need for expansion
of diagnostic testing to encompass new emerging viruses
and the limitations of conventional virological laboratory
approaches to respiratory pathogen diagnosis.9,10

Even if it is possible to culture viruses efficiently, isola-
tion and confirmation of the cause of a cytopathic effect can
take days to weeks, depending on the pathogen. Waiting for
a culture-positive result can take many days, during which
time the patient may be inappropriately treated and, if hos-
pitalized, infection control measures may not be initiated.
Also, the use of primary primate cells in culture (which
gives the best yields of influenza and parainfluenza viruses)
is unlikely to be sustainable in the long term.

When available, monoclonal antibodies are useful in
direct virus-specific antigen detection tests, and these can
be used for rapid diagnosis. Many laboratories are able to
provide diagnostic testing for influenza, parainfluenza
(types 1–3), respiratory syncytial virus (RSV), and respi-
ratory adenoviruses. A respiratory specimen containing
cells is necessary for sensitive detection of viruses by
immunofluorescence or other antigen-detection methods.

Good-quality diagnostic samples (often lavage or aspirate
samples) can usually be obtained from young, immuno-
competent, hospitalized individuals, but in other circum-
stances the ideal sample may not be available. Delays in
transportation may reduce specimen quality and compro-
mise assay results. The most-difficult (and least-efficient)
specimens for diagnostic testing are swab samples con-
taining minimal cellular material taken from largely
asymptomatic individuals in the community. Smears from
these samples can be difficult to interpret in a direct
antigen test and thus culture of the sample is usually
required for pathogen identification. Bacterial antigen
detection by a direct fluorescent antibody (DFA) test is
similarly compromised by poor sensitivity and has the
added concern of artifacts leading to false-positive results,
particularly for B. pertussis and L. pneumophila.

Serological assays of an antibody response to infection
are available for some respiratory pathogens. Although
useful for retrospective evidence of infection in a commu-
nity, the results are not timely enough for patient manage-
ment. For some cell-associated or intracellular bacteria and
viruses, antibody responses develop slowly, if they develop
at all, and convalescent sera taken many weeks after disease
onset are required to make a definitive diagnosis (e.g., for
C. pneumoniae, Legionella species, RSV). For other infec-
tions such as influenza, antibody responses are brisk, but
frequent reinfection reduces the IgM response and conva-
lescent sera are required to demonstrate changing titers.

Application of Molecular Assays to Respiratory
Pathogen Diagnosis

The limitations of conventional testing are well recognized
for viral11,12 and bacterial13,14 pathogens, and some of the

Table 41-2. Respiratory Bacteria in Acute and Public Health Settings

Public Health 
Significance and 

Organism Acute Infection Community Impact Conventional Diagnostics Molecular Diagnostics and Typing

Bordetella pertussis Mild to severe Large community Culture and DFA have PCR superior to culture but requires 
infection, outbreaks are low sensitivity; latter standardization; gradual evolution of 
especially common also compromised strains reported
in infants by artifacts

Legionella species Mild to fatal Frequent outbreaks, Culture performs well, PCR similar to culture for L. pneumophila;
infection water or soil but is slow; Urine likely better for non-pneumophila species;

related antigen detection useful typing may be useful for outbreaks, but 
for L. pneumophila available data are limited
serogroup 1 in
high-prevalence areas

Mycoplasma Common cause Endemic with IgM test useful for primary PCR useful for rapid, sensitive detection
pneumonia of CAP, usually occasional infection

mild epidemics
Chlamydophila Common cause Community Limited; serology by MIF PCR useful for rapid, sensitive detection;

pneumoniae of CAP outbreaks most accurate, but slow role of C. pneumoniae prolonged infection 
requiring described or colonization needs to be determined
hospitalization

DFA, direct fluorescent antibody; CAP, community acquired pneumonia; MIF, microimmunofluorescence; PCR, polymerase chain reaction.
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key differences between nucleic acid and culture or direct
antigen testing methods are summarized in Table 41-3. Uti-
lization of rapid viral diagnostic procedures, such as may
be provided by molecular amplification methods, could
help to reduce the emergence of antibiotic-resistant bacte-
ria. One study demonstrated that a 52% reduction in
antibiotic use was possible using molecular methods for
viral diagnosis.15

Despite the obvious economic burden of CAP, we do not
have accurate data on how many of these infections are
viral in origin or caused by the atypical bacteria for which
routine diagnostic testing is not readily available. The
identification of emerging human viral infections (such as
H5N1 influenza and SARS-CoV) has heightened awareness
of the gaps in respiratory pathogen diagnosis. Nucleic acid
detection assays are likely to be utilized more widely to
identify novel emerging pathogens that could result in
worldwide outbreaks. Molecular amplification assays are
being used successfully for the identification of organisms
associated with pneumonia.16

The potential for nosocomial spread of respiratory
pathogens is well recognized for patients admitted to the
hospital with RSV, parainfluenza, or other infections, serv-
ing as a reservoir for transmission to vulnerable patients
and leading to possible outbreaks.17 Previously, available
diagnostic methods were not sensitive enough to identify
sources of outbreaks, but the advent of molecular amplifi-
cation methods has allowed even environmental sampling
to be helpful in confirming outbreak sources and linking
clustered cases of infection.18

Molecular Tests for 
Respiratory Pathogens

Samples and Nucleic Acid Extraction

Samples used for detection of respiratory pathogens in-
clude swabs (usually nasopharyngeal or throat), aspirates
(nasopharyngeal or tracheal), sputum (usually from indi-
viduals presenting with pneumonia), or bronchoalveolar
lavage specimens. For infections involving the entire 
respiratory tract, nasopharyngeal specimens are practical
for diagnosis. For other infections, which are more focal,
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Figure 41-1. Melting-curve analysis of PCR products using the intercalating dye SYBR
Green differentiates between specific and nonspecific products without further manip-
ulation of the PCR products.

Table 41-3. Comparison of Nucleic Acid and Culture/Antigen Detection Methods for Respiratory Pathogen Diagnosis

Nucleic Acid Methods Culture/Antigen Methods

Cost Tests tend to be expensive (but getting cheaper) Relatively inexpensive in laboratories already set up for these 
procedures, but “real” cost of maintaining cultures often 
underestimated

Speed Rapid diagnostic methods Speed very variable depending on the pathogen and method used
Infrastructure Specialized laboratory set-up required Specialized laboratory set-up required
Spectrum Specific sequence information required for “Catch-all” approach, which may be advantageous when novel 

design; triage of testing can be difficult; pathogens need to be identified
generic primers may be used to identify novel 
pathogens

Sensitivity Exquisite sensitivity but can be prone to Generally less sensitive than nucleic acid detection methods
cross-contamination problems

Specificity Careful handling required to avoid Careful handling required to avoid contamination, but 
contamination (common problem); less-common problem than for molecular methods; DFA 
primer/probe design crucial subject to over interpretation

Strain typing Most definitive method Limited serotyping (e.g., influenza, Legionella)
Automation Automated extraction equipment becoming Difficult to automate

available; automated detection commonplace
Safety Inactivated before analysis, but antimicrobial Isolates useful for antimicrobial sensitivity testing and 

sensitivity information requires knowledge of phenotyping, but specialized safety requirements needed for 
genotypic mutation culture of category 3/4 pathogens

Quality assurance Proficiency and validation of methods not well Culture depends critically on cell line or medium quality;
established maintaining quality can be difficult
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lower respiratory tract specimens are required (e.g., for
Legionella).

Sample preparation is a critical step for the detection
and analysis of organisms. Numerous methods, from
simple boiling to sophisticated automated protocols, are
available for disruption of the organism and purification 
of the nucleic acids. Many studies have demonstrated
inhibitors in respiratory specimens, making some form of
extraction (with or without freezing) necessary to avoid
frequent false negative results. Commercial kits for prepa-
ration of samples are available and should reduce interlab-
oratory variation in results. Simultaneous extraction of
RNA and DNA facilitates assays for both viruses and 
bacteria.

Diagnostic Detection of Nucleic Acid

Molecular techniques for the detection and analysis of
pathogens associated with respiratory infection provide
specific diagnoses for individual cases and for outbreaks.
Currently, FDA-cleared molecular tests are not available for

the detection of respiratory pathogens, with the exception
of Mycobacterium tuberculosis (see chapter 43). Molecular
tests are performed using either validated laboratory-
developed procedures or commercial testing reagents. Pub-
lished diagnostic methods for detection of respiratory
pathogen DNA or RNA directly from clinical specimens
utilize target amplification procedures such as polymerase
chain reaction (PCR) or nucleic acid sequence-based
amplification (NASBA).Although direct detection methods
based on nucleic acid hybridization would be theoretically
possible, the amount of target nucleic acid in specimens
may be minimal and such methods would lack sensitivity
compared to amplification methods, unless the organism
was propagated before analysis. Thus, the molecular
amplification procedures reported for direct detection of
respiratory pathogens in clinical samples include PCR (e.g.,
Reference 19 and Figure 41-1), reverse transcription-
polymerase chain reaction (RT-PCR) (e.g., Reference 20
and Figures 41-2 and 41-3), and NASBA (e.g., References
21–23 and Figures 41-4 and 41-5). Target nucleic acid for
amplification assays usually is a pathogen-specific gene or
genes from the pathogen genomic DNA or RNA, but some
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ratory syndrome coronavirus (SARS-CoV) by a real-time PCR assay
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released each cycle.
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assays have utilized bacterial ribosomal RNA (rRNA; e.g.,
Reference 22). For cellular samples tested for respiratory
pathogens, targeting messenger RNA (mRNA) or genomic
antisense RNA may enhance diagnostic sensitivity.

A variety of formats have been utilized for the detection
of amplified products. Procedures that separate target
amplification from the detection phase (agarose gel analy-
sis or endpoint hybridization) are well established24,25 and
may allow multiple targets to be analyzed in a single reac-
tion, providing added typing information.

For ease of use and incorporation into diagnostic 
laboratories, most laboratory-developed assays for detec-
tion of respiratory pathogens utilize real-time amplifica-
tion methods in which the amplification and detection
steps are combined. Some methods use intercalating dyes
with the analysis of PCR product melting temperatures
(e.g., as described previously26 and illustrated in Figure 
41-1), whereas others use fluorogenic primers or probes
(e.g., TaqMan, hybridization format, and molecular
beacons19,21–23,27) to ensure the specificity of the reaction.
Figure 41-2 illustrates a real-time RT-PCR assay for SARS-
CoV using probe-specific detection of amplified products
(one fluorescence measurement per cycle). The range of
real-time PCR or RT-PCR and NASBA methodologies used

for respiratory targets is diverse given the fact that assays
are laboratory developed.28,29

The difficulty with diagnosis of respiratory infections is
the wide range of pathogens with similar presentations.
The nucleic acid technologies utilized currently in the
majority of diagnostic laboratories are real-time PCR
single-target assays. In some cases, generic primers can be
designed to pick up several related pathogens. Such generic
primers may be based on conserved protein coding
sequences (such as those essential for enzyme function) or
noncoding regions for which variation is limited because
of the need for maintenance of secondary structure. The
use of primer sets to pick up genera or even families of
organisms has shown promise in limited studies, including
analysis of Legionella and Mycobacteria. Generic assays
have the ability to detect many related organisms and may
be used to characterize previously undescribed species in
respiratory infection.

Limited multiplex procedures have been reported for
detection of related organisms using real-time PCR or
NASBA procedures, but such assays are difficult to set up
and control. For many respiratory pathogens, there is
sufficient variation that multiplex approaches have been
developed to detect, for example, all possible respiratory
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adenovirus,19 influenza,20 or parainfluenza21 types. A
simple, dual-labeled multiplex NASBA assay is shown in
Figure 41-5 that uses separate primer sets and specific
molecular beacon probes for parainfluenza types 2 and 3
(HPIV2 and HPIV3) in the same reaction mix. Each probe
is labeled with a different fluorophore, allowing detection
and differentiation of both viruses in a single reaction. An
ambitious multiplex nested RT-PCR procedure with gel
analysis of the amplicons detects influenza A, B, and C
viruses, RSV (A and B subtypes), and adenoviruses in a
single assay.30 The procedure, while complex to set up and
validate, was reported to have good specificity and better
sensitivity than antigen/culture procedures.

Interpretation and validation of a negative result are
important parts of diagnostic tests based on nucleic acid
amplification. Some assays incorporate an internal control
system to distinguish true-negative from false-negative
results. The internal control may amplify with the
pathogen-specific primers but result in an amplicon with a
different size or internal sequence from the pathogen
amplicon. Alternatively, the internal control may be an
external sequence spiked into the reaction (heterologous
control) and amplified with a primer set different from the
pathogen primers. In the example shown in Figure 41-3,
amplification of the RNA heterologous control is consistent
across many clinical samples and ensures that there are 
no gross inhibitors present in the reactions. For cellular
samples obtained for detection of respiratory pathogens,
the internal control reaction can utilize human DNA,
rRNA, or mRNA detection. Such approaches have the
added value of assessing for sample collection and
integrity, as well as amplification inhibitors.

The relative merits of commercial versus laboratory-
developed tests depend on the laboratory facilities, the
technical expertise available, and the clinical need for
expanded diagnosis. Commercial testing reagents provide
quality controls and procedure standardization that facili-
tate clinical studies.24,32 Many companies are focusing on
providing analyte-specific reagents (ASRs) for respiratory
pathogen assays. ASRs will provide the laboratory with
quality-controlled primers and probes, while allowing

them the flexibility to test for currently known circulating
pathogens or according to a local testing algorithm.
Microarray-based detection of multiplexed PCR products
also has been reported.31

Microbial Typing and Respiratory 
Outbreak Investigation

Classically, typing of bacteria or viruses has used serolog-
ical techniques that rely on antibody-antigen interactions.
One benefit of approaches based on DNA or RNA detec-
tion is the more-detailed, quantitative assessment of the
relationship between organisms, providing valuable data
relevant to outbreak investigations and community health.
Variation at the nucleic acid sequence level is not neces-
sarily reflected in altered protein sequence or function;
thus, additional sequence variation information may not
correlate with conventional typing methods.

Restriction fragment length polymorphism (RFLP)
analysis by pulsed field gel electrophoresis (PFGE), either
with or without blot hybridization, has been utilized for
analysis of complex DNA genomes from a variety of respi-
ratory pathogens. RFLP analysis also has been applied to
PCR or RT-PCR products from respiratory bacteria and
viruses. In general, such methods can provide resolution
down to the subtype level and have proven useful in out-
break investigation, as illustrated in Figure 41-6 for B. per-
tussis isolates. The difficulty with gel-based typing assays,
such as PFGE, is standardizing results and sharing data
between laboratories. Amplified fragment length polymor-
phism (AFLP) analysis represents an alternative method
with better discriminatory power and portability, but this
approach has not been used extensively for respiratory 
isolates to date.

For respiratory viruses, other methods have been used
for typing, including heteroduplex mobility assay (HMA),
single-strand conformation polymorphism (SSCP), and
RFLP analysis of amplified PCR products. In general, HMA
is considered technically complex but has the capacity to
distinguish viral quasispecies with >3% nucleotide 

Figure 41-6. Pulsed field gel electrophoresis for analysis of Bor-
detella pertussis isolates. (Figure kindly provided by Dr, M. Peppler,
University of Alberta.)
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differences. SSCP and RFLP, while technically easier, gene-
rally can resolve viruses only to the subtype level, and RFLP
has the added constraint of assessing only sequence dif-
ferences in restriction sites.

The use of sequencing to assess the relationship among
viruses is well established, and molecular phylogenetic
knowledge is expanding, allowing modeling of viral popu-
lations and prediction of new outbreaks.33 The level of res-
olution using primary sequence is at one genome, and
point mutations can be identified. Sometimes this provides
more information than originally sought and creates prob-
lems in interpretation; while in other circumstances even
small sequence variations can confer important changes in
viral transmissibility and disease outcome. Identification of
emerging viruses, which may have been recently intro-
duced into the human population (e.g., SARS-CoV and
influenza A H5N1 types), is critical to public health. Analy-
sis of such novel viruses has relied heavily on sequencing
of isolates or amplicons.9,10,34

Human influenza A viruses are associated with
enhanced morbidity and mortality compared with
influenza B or influenza C viruses. Differences in patho-
genicity for subtypes of influenza A also have been
reported; for example, H3N2 is associated with more severe
infection than H1N1. Such types and subtypes of influenza

A can circulate independently, and their identification is
important for assessment of current vaccine efficacy.
Reassortment of the two predominant influenza subtypes
infecting humans in recent times has been reported, and
analysis of main hemagglutinin (HA) types has been
undertaken by a range of molecular and nonmolecular
methods.35,36 Detailed sequence comparison for HA of
H1N1 and H1N2 viruses circulating in the United Kingdom
in 2001–2002 (Figure 41-7 and Reference 37) illustrates the
utility of sequence analysis in understanding viral diver-
gence and relationship to current vaccine use. Reports of
avian H5N1 viruses infecting humans (1997–1998 and
2003–200434,38) emphasize the need for detailed surveil-
lance of influenza viruses and vigilance in identification of
emerging viruses of importance to public health. Detailed
analysis of avian H5N1 viruses that have infected humans
to date have confirmed that all genes are of avian origin
and are associated with minimal or very inefficient human-
to-human spread. The potential for reassorted viruses that
could more easily spread among humans is clear, and
molecular methods are now an important part of influenza
surveillance.

Recent studies of human metapneumovirus have
identified two main lineages, with sequence diversity
within each group (Figure 41-840), thus displaying a similar
pattern to RSV isolates that are classified into two major
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groups,A and B.39 Further studies will confirm whether this
distinction is associated with differences in virulence.

Sequence analysis for typing of bacteria has been slower
to develop than that for viruses but has been utilized for
investigation of some atypical bacteria associated with
outbreaks of respiratory infection (e.g., Legionella41). Due
to the problem of recombination, characterization of a
single bacterial gene often does not reflect the organism 
as a whole. Multilocus sequence typing is a strategy that
addresses this and appears useful for analysis of B.
pertussis.42

Microarray hybridization methods have been used to
identify and differentiate related pathogens.31 Such an
approach was useful in first identifying the agent of SARS
as a coronavirus.43 Molecular methods provide additional
information about the virulence and type of infectious
organism, as illustrated by recent experience with SARS-
CoV and influenza types.

Interpretation of Test Results

Molecular tests have advantages over conventional pro-
cedures, but the sensitivity of molecular amplifica-
tion methods can lead to problems with interpretation of
results. For many organisms, a gold standard method is not
available that accurately reflects the enhanced sensitivity of
molecular methods, as has been seen with PCR testing for
B. pertussis or C. pneumoniae in clinical samples. Studies
confirm that PCR tests are very sensitive, and PCR-positive
individuals may be culture negative or asymptomatic, so
that results must always be interpreted in the clinical
context.

Inhibitors of amplification are common in respiratory
specimens, so a negative result must be interpreted in the
context of the nucleic acid extraction method and the
control results to monitor for nucleic acid degradation and
amplification inhibition. When assays for the detection of
respiratory pathogens are designed, primers and probes
should not cross-react with normal respiratory flora or
other respiratory pathogens.

Laboratory Issues

The triage of molecular testing for respiratory infection
diagnosis is difficult. Currently, a single respiratory
pathogen test detects only one or a few related pathogens.
Also, bacterial testing and viral testing are not combined.
Thus, many molecular tests must be used to screen for all
appropriate pathogens, which increases testing costs. Thus,
a laboratory that embarks on using molecular methods 
for the diagnosis of respiratory infections may require a
complex testing algorithm. One approach is use a multiplex
amplification procedure to identify multiple pathogens in a
single assay, with certain assays now commercially avail-
able.24,32 Unfortunately, such tests tend to be expensive 

and, if developed by the laboratory, are very difficult to
control and ensure equal sensitivity and specificity for all
pathogens. Thus, despite the potential for replacement of
many culture and antigen procedures with nucleic acid
amplification assays,such a molecular diagnostic revolution
has not yet happened. The exception is for new pathogens
when nucleic acid amplification and detection methods are
clearly far superior to alternatives (e.g., metapneumovirus,
SARS-CoV) or for testing of samples that are suboptimal for
routine procedures (e.g., in surveillance situations).

Future Directions

Respiratory infections are currently underdiagnosed,
despite the fact that accurate pathogen identification is
important to ensure appropriate patient management and
monitor infectious trends in the community. The major
stumbling blocks in the diagnosis and investigation of res-
piratory infections are the complexity of testing algorithms
and the number of potential targets that cause both upper
and lower respiratory tract symptoms. Real-time PCR
methods have vastly improved the sensitivity for detection
and recognition of some difficult-to-culture organisms,
and will likely become standard practice in the clinical lab-
oratory in the next few years. There is, however, a limit to
how many organisms can be “multiplexed” in a single test.

Microarray hybridization of randomly amplified PCR
products from respiratory cultures and clinical samples has
shown some success.31 If the promise of early experiments
is maintained when applied to large-scale clinical studies,
this could answer some of the technical problems sur-
rounding the use of multiplex systems. Microarray
hybridization, while not currently as convenient as real-
time PCR detection methods, potentially has the benefit of
being able to resolve complex product mixtures and
provide clinically valuable information.

The use of molecular methods for typing and outbreak
investigation of respiratory pathogens of public health
importance is well established and is likely to expand.
Future directions will incorporate the use of microarray
systems for respiratory pathogen detection and analysis to
allow crossing of the barriers between conventional virol-
ogy and bacteriology (and mycology/parasitology). Once
microarray systems have been developed and validated, the
costs of this enhanced technology may be reduced and 
justifiable.

Identification of novel viruses, which have presumably
only recently been introduced to humans, has reinforced
the need for careful surveillance of emerging respiratory
pathogens and institution of appropriate infection control
measures. Lessons should be learned from the continuous
sensitive surveillance and typing of organisms such as
influenza and B. pertussis to direct the use and efficacy of
available vaccines.

Molecular techniques developed for detection and
analysis of the microbes responsible for respiratory 
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infections will be vital to our understanding of pathogenic
mechanisms, appropriate management, and prevention of
outbreaks in the future. Gel-based typing procedures
(PFGE, HMA, SSCP) slowly will be replaced by sequence-
based alternatives (e.g., multilocus sequence typing or
MLST), which are more amenable to standardization and
sharing of data among laboratories.
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Chapter 42
Bacterial Pathogens
Ruth Ann Luna and James Versalovic

lar methods with other laboratory approaches in clinical
microbiology requires careful evaluation of existing tech-
niques and clinical relevance.

Bacterial Identification and 
Culture Confirmation

Conventional clinical microbiology depends on microbial
culture and subsequent biochemical testing for accurate
identification of bacterial pathogens. DNA probe–based
solution hybridization with chemiluminescent signal
detection represents a widely accepted strategy for bacter-
ial identification using molecular methods. DNA:RNA
hybridization assays, especially those using synthetic
oligonucleotide probes targeting ribosomal RNA (rRNA),
have been used widely for the identification of a number
of medically important microorganisms either following
culture, as confirmation, or directly in specimens, as 
detection. The AccuProbe technology (Gen-Probe Inc, San
Diego, CA) is the most widely used method and is based
on acridinium ester-labeled DNA probes that are comple-
mentary to species-specific 16S rRNA sequences.1 The
AccuProbe method includes DNA:RNA hybridization by
the hybridization protection assay (HPA) in a liquid format
and chemiluminescence for rapid signal detection. These
assays are limited by the availability of commercial DNA
probes, and each assay enables identification of a single
pathogen or closely related pathogens.

Nucleic acid genotyping and sequencing methods have
provided alternative strategies for bacterial identification
(Figure 42-1). Sequence and chromosomal DNA profile
approaches facilitate identification that is database driven
and not limited to particular pathogens for individual
assays. Novel pathogens also may be detected by these
methods, as sequences or DNA profiles may not match
entries in databases and represent unique patterns.

The characterization and comparisons of small and
large subunit rRNA sequences (5S, 16S, and 23S) for 
bacterial identification and phylogenetic studies2 have

471

Introduction

Bacterial infections represent important diseases world-
wide despite decades of antibiotic therapy. Diverse micro-
bial pathogens continue to rapidly evolve and present
challenges for medical practice that will require ongoing
refinements in laboratory-based diagnostic strategies.
Since the 1970s, the steady parade of bacterial pathogen
discoveries such as Legionella pneumophila, Helicobacter
pylori, and Bartonella henselae have highlighted the
ongoing importance of bacterial evolution in human 
infectious diseases. Established bacterial pathogens such as
Streptococcus pyogenes and Mycobacterium tuberculosis
have reemerged during the past two decades. Drug-
resistant pathogens including multidrug-resistant organ-
isms spread to different geographic areas, ignoring
regional boundaries with the assistance of global immi-
gration and travel. Advances in medicine including oncol-
ogy and transplantation have resulted in greater numbers
of immunocompromised patients with increased risks for
invasive bacterial infections.

During the 20th century, clinical microbiology devel-
oped into an important part of clinical laboratory services
and modern laboratory medicine. Since the advent of the
Gram stain in the late 1800s, microbiologists visualized
bacterial morphology. Bacteriologic culture on plated or in
liquid media usually represented the gold standard for the
diagnosis of bacterial infections. Continual development of
new media formulations resulted in the improved ability 
to cultivate diverse bacterial pathogens. Challenges with
difficult-to-culture or unculturable pathogens were partly
addressed with the development of culture-independent
serologic and antigen-detection methods.

Despite the established utility of different methods in
clinical microbiology, the advent of molecular microbiol-
ogy methods has resulted in many improvements in the
ability to diagnose and monitor bacterial infections.
During the past two decades, molecular methods and
applications have gained acceptance by the clinical micro-
biology community. The successful integration of molecu-
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facilitated research and development of diagnostic appli-
cations. Bacterial rRNA sequences have been compiled into
separate sequence databases (e.g., Ribosomal Database
Project II) and combined with software tools for bacterial
identification and phylogenetic studies (e.g., http://rdp.
cme.msu.edu).3,4 DNA sequencing of all or part of the 16S
and 23S rRNA genes has been useful for identification of
diverse bacterial pathogens5 and has resulted in the 

development of commercial sequencing platforms (e.g.,
MicroSeq, Applied Biosystems, Foster City, CA) for 
microbial identification. Genotypic comparisons based 
on sequencing of the first 527 base pairs (bp) of
the 16S rRNA gene resulted in successful genus- and
species-level identification (100% and 93.1%, respectively)
of unusual aerobic pathogenic gram-negative bacilli.6 The
juxtaposition of highly conserved and variable sequences
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Figure 42-1. Genotyping strategies. (a) Chro-
matogram generated by DNA sequencing and fluo-
rescent signal detection. (b) Pyrogram generated
by pyrosequencing and bioluminescence detection.
(c) Melting-curve analyses for characterization of
amplicon sequences generated by real-time PCR.
(d) Microarray data generated by gene expression
profiling of two cell populations.
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within the 16S or 23S rRNA genes7,8 has culminated in sub-
sequence-based strategies for cost-effective and stream-
lined identification. Pyrosequencing of selected variable
regions, specifically the variable 1 and 3 (V1 and V3)
regions, within the 16S rRNA gene provides successful
identification of staphylococcal and streptococcal species
with 50 bp or less of sequence information.9 The combina-
tion of broad-range polymerase chain reaction (PCR) with
cloning and pyrosequencing of V1 and V3 target sequences
in the 16S rRNA gene enabled the detection of multiple 
bacterial contaminants in molecular biology reagents.10

Targeted genotyping approaches offer the possibility of
practical molecular strategies for sequence-based bacterial
identification. Finally, future molecular identification
strategies may include microarray and microfluidics chro-
mosomal DNA profiling methods that will scan multiple
genes and intergenic sequences in parallel.

BLOODSTREAM AND INVASIVE INFECTIONS

The incidence of sepsis and the number of sepsis-related
deaths have consistently increased from 1979 to 2000,11

making sepsis one of the top ten causes of death in the
United States. The annualized incidence of sepsis increased
8.7 percent, from 83 cases per 100,000 population in 1979
to 240 cases per 100,000 population in 2000.11 The diagno-
sis of bacteremia in cases of sepsis requires the growth of
pathogenic bacteria in liquid media, optimally with con-
tinuous monitoring by automated detection systems. Blood
samples from infected individuals typically contain low
levels of organisms (1–10 organisms/ml in adults) so that
incubations with continuous monitoring usually require a
minimum of 8 to 12 hours prior to detection.

Broad-range PCR has been used for the evaluation of
positive blood culture specimens in the clinical microbiol-
ogy laboratory. Peripheral blood specimens are typically

added to bacteriologic liquid media in a glass bottle
format, and the blood:media mixtures are monitored con-
tinuously in automated blood culture systems. Upon signal
(e.g., fluorescence) detection, Gram stain visualization of
positive blood cultures and subculturing on plated media
are performed for identification. Alternatively, molecular
methods may be used for the direct identification of bac-
terial pathogens in positive blood cultures prior to subcul-
turing specimens on plated media (Table 42-1).

PCR amplification of 16s rRNA gene sequences com-
bined with amplicon sequencing effectively identifies bac-
teria in blood culture specimens and correlates completely
with Gram stain or BACTEC 9240 instrument (Becton
Dickinson, Franklin Lakes, NJ) true-positive and true-
negative results. Interestingly, the blood culture instru-
ments yielded a 1.3% false-positive signal rate in this study,
and all instrument false positives (negative Gram stain and
cultures) lacked evidence of bacterial DNA.12 Several 
isolates of gram-negative bacilli, including Acinetobacter
and Bordetella organisms, that were difficult to analyze by
conventional methods were identified only by DNA
sequencing of the 16S rRNA gene using MicroSeq6 (Applied
Biosystems).

Alternative strategies support the potential utility of
short subsequences of the 16S rRNA gene for rapid 
bacterial identification by pyrosequencing.13 Successful
identification of 28 S. aureus and 18 streptococcal isolates
was achieved by interrogation of 10 nucleotides in the V1
region of 16S rDNA9. Pyrosequencing data from the V1 and
V3 regions were combined (approximately 30 bp of
sequence data) to generate species identification of related
enterobacteria. Alternatively, bacterial pathogens may be
specifically identified in positive blood cultures by fluores-
cence in situ hybridization (FISH).14

Staphylococcus aureus and coagulase-negative staphylo-
cocci (CoNS) represent the most common bacterial isolates
from human blood cultures in the United States. In 

Table 42-1. Principal Bacterial Pathogens and Molecular Targets

Pathogen Specimen(s) Gene (detection) Gene (drug resistance)

B. henselae Lymph node aspirates and biopsies ribC
B. parapertussis Nasopharyngeal secretions, nasal swabs, sputa, throat swabs IS1001
B. pertussis Nasopharyngeal secretions, nasal swabs, sputa, throat swabs IS481
Brucella species Blood cultures, tissues, abscess material, bone marrows IS711
C. pneumoniae Bronchoscopic washes, nasopharyngeal secretions, sputa, throat swabs pmp4, Pst-1 fragment
CoNS Blood cultures, nasal swabs, wound swabs 16S rRNA mecA
EHEC Stool cultures stx
ETEC Stool cultures LT, ST genes
H. pylori Gastric biopsies ureC rdxA, 23S rRNA
L. pneumophila Bronchoscopic washes, lung biopsies, sputa mip
M. pneumoniae Bronchoscopic washes, CSF, lung biopsies, nasopharyngeal secretions, P1 gene, ATPase 

sputa, throat swabs Operon gene
N. meningitidis Blood cultures, CSF, throat swabs ctrA, porA
S. aureus Blood cultures, nasal swabs, wound swabs Sa442 mecA
S. pneumoniae Blood cultures, CSF, nasal swabs ply, lytA
S. pyogenes Throat swabs ptsI
T. whippelii CSF, intestinal biopsies, lymph node biopsies, synovial fluids 16S rRNA

CSF, cerebrospinal fluid; CoNS, coagulase-negative staphylococci; EHEC, enterohemorrhagic E. coli; ETEC, enterotoxigenic E. coli.
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addition to species identification, the detection of methi-
cillin-resistant S. aureus (MRSA) is important for patient
management (Table 42-1). The presence of the mecA gene
effectively confers methicillin resistance in staphylococci
and is a convenient molecular target for PCR-based drug
resist ance detection. Real-time PCR can rapidly identify
MRSA within 4 hours (DNA preparation, amplification,
and detection) by the concurrent application of species-
specific and mecA-specific DNA probes in parallel or mul-
tiplex testing strategies. Real-time PCR strategies have
successfully identified MRSA among a panel of bacterial
isolates from clinical specimens,15,16 using both species-
specific and mecA-specific primer-probe combinations.
Investigators have demonstrated that real-time PCR
enables rapid MRSA detection directly from smear-posi-
tive blood culture bottles, including the BACTEC17 (Becton
Dickinson) and BacT/ALERT18 (bioMérieux, Hazelwood,
MO) systems. The mecA gene was detected in 108 of 109
known MRSA isolates, which highlights the potential
utility of combining real-time species identification with
mecA gene detection.15 Based on the methods already pub-
lished, appropriate therapies could be instituted 24 to 36
hours earlier if smear-positive blood culture bottles were
directly assessed for MRSA. The presence of MRSA dictates
the antibiotic treatment strategies, as glycopeptides (e.g.,
vancomycin) are commonly used in this setting. Differ-
ences of 24 to 36 hours may significantly improve patient
management by reducing the use of inappropriate anti-
biotics and diminishing the spread of resistant organisms.

CoNS represent a diverse group of more than 30 differ-
ent species. The identification of particular species may
have clinical implications such as the determination of the
presence of Staphylococcus epidermidis from a sterile site.
Identification of CoNS represents a challenge for develop-
ment of multiplex real-time PCR methods and melting-
curve analyses. A creative primer-biprobe combination
resulted in the identification of 15 different CoNS species
with only three different real-time PCR reactions.19

Streptococcus agalactiae (group B streptococci) remains
the leading cause of neonatal sepsis and meningitis and is
frequently transmitted as a perinatal infection. Rapid and
accurate diagnosis using molecular methods (Table 42-1)
facilitates timely management with antimicrobial therapy
to prevent perinatal transmission.20 Although S. agalactiae
can be successfully cultured from maternal anal or vaginal
specimens using enrichment broth culture techniques, the
24- to 48-hour delay in culture detection reduces the utility
of group B streptococcal cultures at the time of delivery.
For this reason, empiric ampicillin therapy has gained
acceptance in obstetrics practice. Real-time PCR assays for
rapid detection of S. agalactiae directly in vaginal speci-
mens have been developed, targeting species-specific
sequences in the cfb, or CAMP factor, gene.21 As bacterial
concentrations have not been correlated with different
risks of transmission, qualitative real-time PCR detection
is sufficient. The Food and Drug Administration (FDA)
approved a real-time PCR assay (i.e., IDI-Strep B assay,
Becton, Dickinson, and Company, Franklin Lakes, NJ) for

detection of S. agalactiae directly in anal or vaginal speci-
mens. PCR assays also will be useful for direct detection of
invasive group B streptococci in peripheral blood in cases
of neonatal sepsis.

CENTRAL NERVOUS SYSTEM INFECTIONS

Rapid diagnosis of central nervous system (CNS) infec-
tions may have a dramatic impact on patient outcomes.
The most important causes of acute bacterial meningitis
are Neisseria meningitidis and Streptococcus pneumoniae.
Childhood vaccination strategies have diminished the risk
of meningitis due to Haemophilus influenzae serotype b in
North America. If acute bacterial meningitis is suspected,
cerebrospinal fluid (CSF) specimens are submitted for
Gram stain and culture. Immediate Gram stain evaluation
is useful, but has limited sensitivity because 105 organ-
isms/ml for are required visualization. Laboratory evalua-
tion requires waiting 24 to 48 hours for culture results and
a definitive diagnosis.

Although meningococci can be visualized by microscopy
and may be cultured in the clinical microbiology labora-
tory, these organisms present diagnostic challenges with
serious implications for patients. PCR testing for detection
of N. meningitidis infection has been proposed as a strat-
egy for the rapid diagnosis of meningococcal meningitis22

(Table 42-1) and has been embraced in the United
Kingdom and Australia as an important element of labo-
ratory testing. Real-time PCR has been used for direct
detection of meningococcal DNA and genogrouping of
meningococci for epidemiological purposes in Sweden.23

N. meningitidis DNA was amplified directly from CSF or
peripheral blood specimens using the 16S rRNA gene for
species detection and the porA gene for genogrouping.

Broad-spectrum molecular approaches have been 
advocated for molecular screening of CSF specimens 
independent of Gram stain and culture methods (Table 
42-1). The conserved 16S rRNA gene contains species-
specific target sequences for N. meningitidis and has been
used in molecular screening strategies. Broad-range PCR
based on the 16S rRNA gene has been used successfully to
evaluate CSF specimens directly for the presence of bacte-
rial DNA, with a sensitivity and specificity of 100% and
98.2%, respectively.24 An alternative approach for molecu-
lar screening is the multiplex strategy, whereby different
genes are used for detection of each species. Corless et al.25

demonstrated the simultaneous detection of Neisseria
meningitidis, Haemophilus influenzae, and Streptococcus
pneumoniae by real-time PCR with different genetic
targets. A 5′ nuclease (TaqMan) multiplex approach was
used to directly amplify bacterial DNA from CSF and
peripheral blood specimens. The respective sensitivities of
real-time PCR for detection of N. meningitidis, H. in-
fluenzae, and S. pneumoniae were 88.4%, 100%, and 91.8%,
respectively. More than 4000 CSF specimens were screened
in this study,25 and the improvement in the meningococcal
detection rate was 2.9%. That is, 87 additional cases of
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meningococcal meningitis were identified by PCR alone.
Refinements in primer selection targeting less variable
sequences in the capsular transport (ctrA) gene of N.
meningitidis accounted for improvements in the sensitiv-
ity of the real-time PCR assay.25 Endpoint PCR detection of
N. meningitidis increased the laboratory confirmation of
clinically suspected cases by 36% when compared to
culture and antigen detection.22

Molecular methods may yield benefits for the diagnosis
of other CNS bacterial infections. Mycoplasma pneumoniae
is an important cause of atypical pneumonia and is difficult
to culture, in contrast to the genital mycoplasmas. In addi-
tion to its role in respiratory infections, M. pneumoniae
may cause meningoencephalitis or transverse myelitis in
pediatric patients. PCR tests for the detection of M. pneu-
moniae have been useful for the provision of timely and
accurate diagnoses of M. pneumoniae CNS infections in
children.26

GASTROINTESTINAL INFECTIONS

Enteric bacterial pathogens cause well-recognized gastric
and intestinal infections.Pathogens such as Campylobacter,
Salmonella, and Shigella represent important causes of
gastroenteritis and bacillary dysentery and may be cultured
from freshly collected stool specimens in infected patients.
Successful culture and biochemical identification of enteric
pathogens from fecal specimens provide cost-effective diag-
noses. However, specific diagnostic challenges that require
subspecies or toxigenic strain identification highlight the
limitations of current approaches (Table 42-1).

Intestinal E. coli is recognized as a commensal organism
and pathogen of the human intestine, so the ability to dis-
tinguish nonpathogenic and pathogenic isolates is impor-
tant. Specific pathogenic E. coli strains or clones have been
associated with human enteric infections. Enterohemor-
rhagic E. coli (EHEC) causes hemorrhagic colitis and
hemolytic uremic syndrome. Candidate EHEC isolates can
be serotyped as O157:H7 by latex agglutination or tested
for Shiga-like toxin production by antigen detection. The
limitation of serotyping is highlighted by the fact that more
than 20% of EHEC isolates lack the O157:H7 serotype. The
Shiga-like toxin genes may be directly detected by DNA
amplification and may reduce the turnaround time for
diagnosis of this potentially fatal infection.27 Enterotoxi-
genic E. coli (ETEC) is the most important cause of trav-
eler’s diarrhea and, with Campylobacter jejuni, remains one
of the two most common causes of nonviral gastroenteri-
tis. Culture methods cannot distinguish toxigenic from
nontoxigenic strains except by antigen detection. Molecu-
lar methods that enable the specific detection of either the
heat-labile (LT) or heat-stable (ST) toxin genes provide
options for direct ETEC detection in stool isolates.28

Tropheryma whippelii is the etiologic agent of Whipple’s
disease, a rare multisystemic disease primarily involving
the small intestine and characterized by inclusion-rich
macrophages in the lamina propria. Patients with

Whipple’s disease may present with diarrhea, weight loss,
arthralgias, abdominal pain, and dementia. As up to 15%
of cases may not involve the intestinal tract, sampling 
of extraintestinal sites (e.g., CSF, synovial fluid) may be
important for molecular diagnosis of this disorder. Intesti-
nal biopsy specimens, lymph node biopsy specimens, and
synovial fluid may be tested directly by PCR amplification
of Tropheryma-specific DNA.29,30 As this organism is gen-
erally nonculturable, bacterial DNA detection is very useful
for the establishment of a specific diagnosis. Importantly,
this organism often persists in asymptomatic individuals
and its DNA may be detected in healthy individuals using
fecal or oral specimens.30 Colonization of the intestinal
tract may be difficult to distinguish from infection, and
thus the molecular data should be interpreted in the
context of the intestinal histology.

In addition to intestinal infections, Helicobacter pylori
and other gastric Helicobacters may cause chronic gastritis
and peptic ulcer disease.31 Long-term infections with H.
pylori have been associated with gastric adenocarcinomas
and mucosa-associated lymphoid tissue (MALT) lym-
phomas. Serologic tests are useful for IgG screening, and
fecal antigen testing is effective for direct detection. The
bacteria reside adjacent to the gastric mucosa and require
biopsy sampling by endoscopy for successful culture. In
addition to histology and rapid urease testing, endpoint
PCR provided strategies for successful detection of H.
pylori and macrolide resistance mutations in gastric biop-
sies32,33 (Table 42-1). Endpoint PCR studies using the 16S
rRNA gene for genus-specific PCR detection yielded novel
findings such as the detection of Helicobacter cinaedi in
gastric biopsy specimens obtained from patients with gas-
tritis.34 More recently, real-time PCR assays have been used
for detection and molecular resistance testing of H. pylori
in gastric biopsies.35 He et al.36 described real-time quanti-
tative PCR of H. pylori with the ureC gene as the target in
an assay spanning 6 logs of DNA concentrations. Interest-
ingly, 24 of 27 specimens that were negative by culture were
positive by real-time PCR, although contamination could
not be excluded.36

RESPIRATORY INFECTIONS

Bacterial pathogens represent important causes of respira-
tory tract infections. Pneumonias caused by various
pathogens have overlapping features and are not clinically
distinguishable with respect to etiologic agent. Diagnosis
of upper or lower respiratory tract infections may require
sampling and culture of different sites. Respiratory speci-
mens include throat or nasopharyngeal swabs, sputa, tra-
cheal aspirates, and bronchoscope-assisted collections of
fluid or tissue of the lower respiratory tract. In addition to
effective differentiation among pathogenic and commensal
organisms, colonization must be distinguished from infec-
tion. Among bacterial pathogens that cause respiratory
infections, several organisms continue to be impractical to
culture, and indirect serologic tests may be used.
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The diagnosis of Mycoplasma pneumoniae as a cause of
atypical pneumonia requires IgM serologic testing or
molecular methods for direct detection. The utility of PCR
has been demonstrated for the detection of M. pneumoniae
DNA in throat swabs, sputa, and lower respiratory speci-
mens37,38 (Table 42-1). The risk for pneumonia is especially
prominent among children 5 to 15 years of age, in whom
30% of infections progress to pneumonia if untreated.39

Molecular methods have altered our view of M. pneumo-
niae as a cause of both atypical and acute bacterial 
pneumonia. PCR methods for detection have been recom-
mended alone and in combination with IgM serologic tests
for the diagnosis of respiratory infections caused by M.
pneumoniae.38,40 Sensitivities and specificities of PCR tests
have ranged from 78% to 92% and 92% to 100%, respec-
tively.40 In one study, the positive predictive value of end-
point PCR was 100% and contrasted sharply with the
relatively low positive predictive value (50%) of IgM detec-
tion by the indirect immunofluorescence assay (IFA).41

Real-time detection of M. pneumoniae DNA enhanced
molecular diagnostic strategies by improving speed and
test handling.42 Multiplex quantitative real-time PCR has
been employed for the simultaneous assessment of
atypical pneumonia caused by Chlamydia pneumoniae,
Legionella pneumophila, or M. pneumoniae.43 A compari-
son of results obtained by real-time PCR with 73 specimens
yielded an overall 98.3% agreement with conventional
PCR.43

Pertussis or whooping cough caused by Bordetella per-
tussis or Bordetella parapertussis is an important disease 
in children and adults. As B. pertussis is a fastidious patho-
gen and requires specialized media for culture, PCR
amplification has been adopted as a strategy for diagnosis
(Table 42-1). Direct fluorescence assay (DFA) and micro-
biologic culture have reduced sensitivities when compared
to PCR assays in multiple studies. Endpoint and real-time
PCR methods are commonly used for the detection of B.
pertussis or B. parapertussis DNA in nasopharyngeal
swabs44–47 from patients. Documented sensitivities for end-
point PCR (95.0%) and real-time PCR (100%) compared
favorably with microbiologic culture (11.6% and 36.0%)
and DFA tests (11.4%).44,45 Insertion sequences IS481 and
IS1001 have been useful for the detection of B. pertussis and
B. parapertussis, respectively. In addition to IS481, the per-
tussis toxin promoter contains species-specific target
sequences for PCR detection. A systematic comparison of
real-time PCR, endpoint PCR, culture, and DFA studies
indicated that real-time PCR based on insertion sequence
detection had the highest sensitivity and best overall per-
formance.47 Careful PCR assay selection and quality
assessment procedures must be emphasized, as a published
investigation presented evidence for substantial over- and
misdiagnosis of pertussis cases in two disease outbreaks in
New York.48

The detection of Streptococcus pyogenes (group A strep-
tococci) in throat swabs represents an important strategy
for the diagnosis of streptococcal pharyngitis. The typi-

cal strategy includes rapid antigen testing with culture
confirmation of all specimens negative by antigen testing.
This strategy is currently recommended by the American
Academy of Pediatrics.49 DNA probe hybridization
methods for the detection of S. pyogenes DNA have been
proposed as a stand-alone approach instead of the 
established two-tiered testing procedure.50 Uhl et al.51

recommended real-time PCR methods for detection of S.
pyogenes DNA in throat swabs as a stand-alone test. Real-
time PCR matched culture, outperformed rapid antigen
testing, and could be performed more rapidly than culture
for confirmatory testing. The high prevalence of this
disease and potential impact for patient management sup-
ports the consideration of molecular testing for the diag-
nosis of streptococcal pharyngitis (Table 42-1).

Molecular Resistance Testing

Molecular resistance testing refers to the direct detection
of genes or mutations conferring antimicrobial resistance.
The detection of the mecA gene was previously discussed
as a strategy for identifying MRSA isolates (see “Blood-
stream and Invasive Infections”). Gene detection is 
relatively straightforward and akin to qualitative bacterial
pathogen detection. In contrast, mutation detection
requires different methods designed to identify the pres-
ence of nucleotide substitutions, deletions, or insertions
(Figure 42-1). Parallel identification and detection of drug
resistance mutations in bacteria may be complicated by the
presence of many different mutations in single or several
genes. The ability to detect multiple mutations in parallel
may require microarray or high-throughput sequencing
strategies in the future.

Detection of the vanA and vanB glycopeptide resistance
genes in enterococci represents a useful molecular strategy
for surveillance testing of vancomycin-resistant entero-
cocci (VRE). Like mecA detection in MRSA, the presence of
vanA or vanB is sufficient for the reporting of VRE isolates
in patients. Endpoint multiplex PCR has been used to
detect VRE directly in surveillance specimens and com-
pared favorably with culture and biochemical testing.52 The
sensitivity and specificity of multiplex PCR were 98.4% 
and 96.1%, respectively.52 Use of multiplex PCR methods
resulted in a turnaround time reduction of approximately
48 hours and resulted in cost savings of approximately
40%.52 Reductions in turnaround times and labor costs
may be further reduced by the implementation of real-time
PCR detection of vanA or vanB target sequences.53 Cost
savings in laboratory testing for vanA and vanB detection
were calculated over time and, when combined with train-
ing costs, generated a payback period of 3 years for labo-
ratory costs alone. Further cost benefits for the healthcare
system caused by more timely adjustments in patient 
management and reductions in spread of resistant 
organisms due to changes in isolation practices were not
computed.
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Detection of particular nucleotide substitutions associ-
ated with drug resistance may be practical if small sets of
mutations are responsible for the vast majority of resist-
ance in particular organisms. Since two point mutations 
in the 23S rRNA gene account for greater than 90% of
macrolide resistance in Helicobacter pylori,54,55 convenient
polymerase chain reaction–restriction fragment length
polymorphism (PCR-RFLP) methods33,54 and reverse
hybridization32 assays have been developed for direct
mutation detection (Table 42-1). Gastric biopsy specimens
may be obtained directly from rapid urease tests and used
for molecular resistance testing several weeks following
tissue collection.33

Molecular Epidemiology

Nosocomial, or hospital-acquired, infections represent the
most common complication affecting hospitalized patients
and comprise an important category of adverse events in
hospitals.56 Nosocomial infection surveillance activities
and epidemiologic studies in hospitals are essential aspects
of infection control efforts. Classical epidemiology, usually
performed by infection control personnel, includes tradi-
tional case-based outbreak investigations that correlate
microbiologic identification and antimicrobial susceptibil-
ity testing patterns with reviews of case clusters. Molecu-
lar epidemiology requires the correlation of classical
epidemiology with molecular data for delineation of out-
break-related clones. Molecular epidemiology refers to
clonal investigations of bacterial pathogens by genotypic

methods and includes methods such as DNA fingerprint-
ing, DNA profiling, and DNA typing (Figure 42-2 and Table
42-2). Molecular methods yield patterns of different-sized
DNA fragments or aggregate sequence information that
may be useful for epidemiologic or clonal investigations.
Studies have demonstrated the importance of real-time
molecular typing strategies for the control of nosocomial
infections. Hacek et al. demonstrated hospital savings of
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Figure 42-2. DNA typing of bacterial pathogens.
(a) Gel image of pulsed field gel electrophoresis
(PFGE) data. (b) Peak profiles of DNA fragments
generated by repetitive extragenic palindramic PCR
(rep-PCR) and microfluidics fragment resolution. (c)
One of multiple chromatograms generated by mul-
tilocus sequence typing (MLST).

Table 42-2. DNA Typing Strategies

Method Instrument(s) Time

AFLP Thermal cycler, 1–2 days
electrophoresis
equipment

MLST DNA sequencer 1–2 days
PFGE PFGE apparatus 2–3 days
RAPD (AP-PCR) Thermal cycler, 1 day

electrophoresis
equipment

rep-PCR Thermal cycler, 4 hours–1 day
electrophoresis
equipment,
microfluidics device

Ribotyping Electrophoresis/blotting 1 day
system

Spoligotyping Thermal cycler, 2 days
miniblotter apparatus

AFLP, amplified fragment length polymorphism; MLST, multilo-
cus sequence typing; PFGE, pulsed field gel electrophoresis;
RAPD, random amplification polymorphic DNA; AP-PCR, arbi-
trarily primed PCR; rep-PCR, repetitive extragenic palindromic
PCR.
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greater than $4.3 million during a 2-year period following
implementation of routine molecular epidemiologic 
investigations.57

The established gold standard of molecular epidemiol-
ogy is pulsed field gel electrophoresis (PFGE; Table 42-2),
a method that depends on the electrophoretic separation
of large DNA fragments created by digestion of bacterial
DNA with rare-cutting restriction enzymes.58,59 Cultivation
of bacteria is required prior to initiation of typing studies,
and the PFGE studies require approximately 2 days for
completion. Several multicenter studies have been pub-
lished that document the relative abilities of laboratories to
perform PFGE and participate in interlaboratory compar-
isons.60–62 In one study,60 four of 12 laboratories failed to
generate interpretable PFGE data with S. aureus, which
highlights the formidable technical challenges of this test.
Centralized computer studies of data obtained from four
selected laboratories generated similarities of 85% with a
group of identical S. aureus isolates.60 Improved harmo-
nization of PFGE protocols recently was achieved by focus-
ing on several critical parameters, but only seven of ten
laboratories provided data of sufficient quality for inter-
laboratory comparisons.62 Although PFGE has evolved as
the historical standard for molecular typing of bacterial
pathogens, data comparability and reproducibility repre-
sent ongoing challenges due to lack of standardization.

Chromosomal or plasmid RFLP studies, based on con-
ventional electrophoretic separation of DNA fragments,
have been less useful for typing bacterial pathogens.
Plasmids represent nonessential extrachromosomal DNA 
molecules that often are absent in bacterial pathogens and
limit unique identification with this method. Chromoso-
mal RFLP approaches produce highly complex patterns
that are difficult to interpret and limit interlaboratory 
comparisons.

Ribotyping is a variant of chromosomal RFLP methods
and is performed by digestion of chromosomal DNA and
hybridization with rRNA operon probes.63 Generally, ribo-
typing is less discriminatory compared with other methods
due to the limited complexity of ribotyping patterns. A
commercial ribotyping method, the Riboprinter Microbial
Characterization System (DuPont Qualicon, Wilmington,
DE), is available, but the reduced discrimination with this
assay continues to be a disadvantage relative to other
typing methods such as PFGE and DNA fingerprinting by
PCR.64,65

DNA typing methods using PCR include amplified frag-
ment length polymorphism (AFLP),66,67 arbitrarily primed
PCR (AP-PCR) or random amplification polymorphic DNA
(RAPD) studies,68,69 multilocus sequence typing (MLST),70

repetitive extragenic palindromic-PCR (rep-PCR),71,72 and
spoligotyping.73,74 PCR methods facilitate DNA typing by
providing nucleic acid amplification for specimens with
limited amounts of target DNA. AFLP yields complex DNA
profiles with relatively high discriminatory capabilities
when testing various bacterial pathogens.67 AP-PCR and
RAPD methods are similar to AFLP but utilize short random

oligonucleotide primers and fortuitously anneal to multi-
copy chromosomal DNA sequences. Multiple amplicons
generated by PCR amplification can be separated by con-
ventional agarose gel electrophoresis. Rep-PCR yields dif-
ferent-sized DNA fragments that are separated by various
distances between interspersed repetitive DNA elements.72

Amplicons generated by rep-PCR may be separated by
agarose gel electrophoresis or in microfluidic channels with
laser-based fragment detection (DiversiLab, Bacterial Bar-
codes, Houston, TX).75 Rep-PCR studies suggest that partic-
ular MRSA clones are more frequently associated with
disease outbreaks.76 Development of rep-PCR DNA profile
databases can be combined with digitized microfluidic
channel data to facilitate Internet pattern matching with
sophisticated clustering algorithms. MLST has been pro-
posed as a next-generation molecular typing strategy70 and,
in selected studies, MLST matches PFGE for relative dis-
criminatory abilities.77 High-throughput sequencing 
capabilities are required for MLST to be practically useful 
in a diagnostic laboratory setting. As diagnostic laborato-
ries migrate toward more strain- or subspecies-level
identification, molecular typing methods may have a promi-
nent role in the diagnosis of bacterial infections.

Summary and Future Trends

Molecular methods have matured and gained acceptance
as an important component of laboratory testing for 
the diagnosis of infectious diseases caused by bacterial
pathogens. The initial hype has been supplanted by practi-
cal and selective data-driven molecular strategies for diag-
nosis and patient monitoring. Rapid advances in microbial
genomics and bioinformatics have created many opportu-
nities for the development of molecular assays with
improved specificity over earlier assays. As the entire
genomes of many important bacterial pathogens have 
been sequenced, it is possible to use multistrain genomic
sequencing and comparative genomics for identification of
individual pathogens. The greatly increased quantities of
genomic data will be translated into the selection of
optimal genetic targets for species-specific and strain-
specific detection by DNA amplification methods. The
development of comprehensive gene and mutation data-
bases will drive the development of new tests for specific
virulence genes, toxin genes, and drug resistance geno-
types. The next generation of molecular technologies will
include developments in high-throughput sequencing,
custom microarray applications, and microfluidics or chro-
matography chromosomal scanning approaches. The rapid
change in testing methods will challenge laboratories to
maintain leading-edge technical proficiencies and provide
clinically relevant information in clinically useful report-
ing formats. Demands for quality control and quality
assessment will require new approaches to keep pace with
the rapid evolution of molecular diagnostics and its appli-
cations in medicine.
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Chapter 43
Mycobacterial Infections
Betty A. Forbes

Respiratory Specimens

The appropriate clinical use of nucleic acid amplification
(NAA) assays has been difficult to delineate. (Only com-
mercially available NAA assays are discussed here;
however, similar issues also are pertinent to laboratory-
developed amplification assays.)

Commercially available NAA assays were initially evalu-
ated as screening tests (i.e., all specimens were tested
regardless of the suspected risks for TB). When testing
smear-positive specimens, these assays performed well
(sensitivity 95% to 96%, specificity, 99% to 100%), but with
smear-negative specimens, the sensitivity was much lower
(48% to 53%).3 Based on the results of these early trials, the
Food and Drug Administration (FDA) limited the use 
of two commercially available NAA kits, the Amplified
Mycobacterium Tuberculosis Direct (AMTD) test (Gen-
Probe, Inc, San Diego, CA) and the Amplicor Mycobac-
terium tuberculosis test (Roche Diagnostic Systems, Inc,
Indianapolis, IN) to AFB smear-positive respiratory speci-
mens only from patients who had not received antituber-
culosis drugs for 7 or more days or had not been treated
for TB within the last 12 months.

The utility of NAA assays for the detection of the 20% to
30% of culture-negative cases was difficult to determine
from these early studies because culture growth was used
as the gold-standard method.4 In 1998, a clinical trial was
performed to evaluate a reformulated AMTD test (AMTD
2, Gen-Probe, Inc, San Diego, CA) compared to a physician
estimation of the probability that a patient had TB, with
review by a physician panel of experts for cases that were
not proven TB.5 The enhanced AMTD2 test was performed
on respiratory specimens from 339 patients, and results
were compared with culture and clinical diagnosis results.
The AMTD2 test had an overall sensitivity of 85.9%, a 
specificity of 97.8%, a positive predictive value (PPV) of
91.0%, and a negative predictive value (NPV) of 96.6%. The
FDA approved the new version AMTD2 test in 1999 for
testing respiratory specimens regardless of the AFB smear
results.

481

Clinical Utility

Microbiology laboratories have developed and introduced
clinical molecular assays for mycobacteria during the last
several years because of the need for a reliable and rapid
means of diagnosing tuberculosis (TB) for public health
and therapeutic reasons. Molecular tests are used for
identification of mycobacteria directly in clinical speci-
mens, for mycobacterial identification, and for determina-
tion of drug susceptibilities.

Direct Detection

The limitations of routine acid-fast bacilli (AFB) smear and
culture are well known. Although rapid, a sputum AFB
smear has a reported sensitivity range of 22% to 78%. In
recent years, the specificity of AFB smears has been a
problem if specimens are obtained from individuals with a
high incidence of disease due to nontuberculous mycobac-
teria (NTM), such as HIV-infected individuals. Similarly,
culture of sputum is positive in the majority of patients
with pulmonary TB if multiple specimens are obtained;1

however, almost 30% of patients reported to have TB,
including 22% of patients with pulmonary TB, are not
culture confirmed.2 Moreover, due to the slow growth rate
of mycobacteria, cultures usually take at least a week, and
in some instances as long as 6 to 8 weeks, to become 
positive.

Initially, amplification techniques were expected to dra-
matically reduce turnaround time and to have better 
sensitivity and specificity compared to conventional AFB
smear and culture methods. However, despite numerous
and significant advances, molecular methods have not
replaced AFB smears and cultures for the diagnosis of
mycobacterial infections from respiratory or extrapul-
monary sites. Conventional tests remain a primary means
of establishing a diagnosis as well as for drug susceptibil-
ity testing for optimal therapy.
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Subsequent clinical trials of the enhanced AMTD2 test
demonstrate the importance of using not only mycobacte-
rial culture results but also multiple other parameters
including clinical signs and symptoms, response to
therapy, and other laboratory results to interpret the results
of NAA tests.6–9 Data from these studies support the use of
the enhanced AMTD2 test as a rapid method for the diag-
nosis of pulmonary TB in patients for whom there is a
moderate to high suspicion of TB, regardless of the AFB
smear result.

In another study,6 enrolling physicians were asked to
quantify their degree of clinical suspicion for TB using a
scale from 0% to 100%; subjects were broken down into
three major groups. In addition, a conservative consensus
standard for the diagnosis of pulmonary TB was estab-
lished and an independent expert panel reviewed all cases
with a clinical suspicion of less than 80% and only one
culture or no cultures positive for M. tuberculosis (Table
43-1). NAA tests were most useful for cases with a higher
clinical suspicion.

As more of these studies are published, optimal use of
NAA tests in conjunction with clinical information and
other test methods will become manifest, allowing NAA
tests to be utilized in a cost-effective manner with positive

impact on patient management. Clearly, based on recent
studies, decisions about when and how to use 
NAA tests for TB diagnosis should be individualized
according to the clinical setting and NAA results inter-
preted within the context of the clinical suspicion for TB
and on the basis of laboratory performance. To help 
laboratories and clinicians in this regard, guidelines (Table
43-2) for the use of NAA tests in the diagnosis of TB were
set forth by the Centers for Disease Control and Prevention
(CDC).10,11

Nonrespiratory Specimens

Both laboratory-developed and commercially available
NAA assays have been used to test nonrespiratory 
specimens, although no commercially available test kit is
approved by the Food and Drug Administration (FDA) for
this purpose. Because clinical diagnosis often is uncertain,
and AFB smear and culture lack sensitivity, the use of NAA
tests is particularly attractive for suspected cases of extra-
pulmonary TB.

In particular, NAA assays have been evaluated in
patients suspected of having tuberculous meningitis.12–14

Signs and symptoms of this disease are nonspecific. AFB
smears in patients with TB meningitis are positive in only
10% of cases. Isolation of M. tuberculosis is positive in only
approximately 50% of adults15 and is insufficiently timely
to aid clinical judgment with respect to treatment.
Although promising, results of these NAA studies have
varied with respect to sensitivity, while specificity was
greater than 98% in most instances.

Similar results with other extrapulmonary specimens
have been obtained. In many studies, the performance 
of NAA tests with extrapulmonary specimens has been
similar to their performance with respiratory speci-
mens,7,16,17 while in other studies, the sensitivity was quite
low. Based on studies published to date, it is clear that 
more studies must be performed to establish optimal

Table 43-1. Evaluation of the Enhanced AMTD2 Test Based on
Comprehensive Clinical Diagnosis

AMTD Test:
Sensitivity,

Clinical AFB Smear: PPV Specificity,
Suspicion of TB and NPV (%) PPV, NPV (%)

Low (<10%) 36, 96 83, 97, 59, 99
Intermediate (10–80%) 30, 71 75, 100, 100, 91
High (>80%) 94, 37 87, 100, 100, 91

Source: Data from Reference 6.
AMTD2, Amplified Mycobacterium Tuberculosis Direct test
(Gen-Probe, Inc, San Diego, CA); AFB, acid-fast bacilli; NPV,
negative predictive value; PPV, positive predictive value; TB,
tuberculosis.

Table 43-2. Guidelines for the Use of NAA Tests on Respiratory Specimens for TB

AFB Smear Specimen No. NAA Result Action

Positive 1 Positive Presumed to have TB*
Positive 1 Negative Test for inhibitors. If inhibitors are detected, NAA is no diagnostic help. If no inhibitors 

are detected, repeat  NAA on no more than 2 additional specimens
2, 3 (repeats) Negative Presumed to have NTM

Positive Clinician must rely on clinical judgment
Negative 1 Positive Repeat NAA

2, 3 (repeats) Positive Presumed to have TB
Negative Clinician must rely on clinical judgment

Negative 1 Negative Repeat NAA
2, 3 (repeats) Negative Presumed not to be infectious†

Positive Clinician must rely on clinical judgment

Source: Data from Reference 7.
*Unless there is concern about NTM, the NAA test adds little to the diagnostic workup.
†Clinician must rely on clinical judgment regarding the need for antituberculous therapy and further diagnostic workup.
NAA, nucleic acid amplification; TB, tuberculosis; NTM, nontuberculous mycobacteria.
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sample volume, nucleic acid extraction and amplification
procedures, and uniform criteria for interpretation of
results for each specimen type, including formalin-fixed,
paraffin-embedded tissues. However, based on current
data, a negative NAA result does not rule out extrapul-
monary TB, particularly if the AFB smear for the specimen
is negative.

NAA tests appear to be useful for early identification 
of M. tuberculosis complex for all specimen types grown 
in liquid cultures, except blood.18,19 Sensitivity and speci-
ficity of NAA assays using this approach are both greater
than 98%. In addition, the INNO-LiPA Mycobacteria 
assay (Innogenetics NV, Ghent, Belgium) (Table 43-3) 
successfully identifies mycobacteria directly from aliquots
of culture medium from the MB/BacT ALERT 3D 
System (MB/BacT) (Organon Teknika, Boxtel, the 
Netherlands).20

NAA tests also have been evaluated for their usefulness
in monitoring therapeutic efficacy. Although beneficial for
initial diagnosis, most NAA assays appear to be unsuitable
for monitoring treatment of TB patients since nucleic 
acid targets persist long after AFB smears and cultures
become negative.21,22 However, detection of M. tuberculosis
messenger RNA (mRNA) may prove to be a potentially
useful method for monitoring therapeutic efficacy,23

although more studies are required to determine its 
clinical utility.

Identification

Mycobacterial isolates have traditionally been identified to
the species level based on phenotypic and biochemical

tests. These methods are slow and cumbersome and may
fail to obtain an identification, with results varying among
different isolates of the same species. Therefore, labo-
ratories are increasingly using molecular methods for
identification. Rapid identification of M. tuberculosis is of
paramount importance for therapeutic and public health
reasons. Rapid detection and identification of NTM,
for which there are currently at least 100 species, is 
becoming more important since NTM lung disease is
caused by many NTM species with a range of clinical 
presentations.24 Toward this goal, a variety of molecular
approaches have been published for identification of not
only M. tuberculosis complex organisms, but NTM as well
(e.g., References 25 and 26). Finally, two commercially
available systems using amplification of a region of the
16S-23S ribosomal RNA (rRNA) gene spacer region, or the
23S rRNA gene with subsequent hybridization to a mem-
brane strip containing probes to the most commonly 
isolated mycobacterial species, have been used to identify
mycobacteria.27

Susceptibility Testing

To successfully control the spread of TB, cases must be
detected and treated in a timely manner. At best, conven-
tional susceptibility testing methods for M. tuberculosis
are available within 7 to 14 days, after a culture result is
positive. Thus, molecular methods that can rapidly detect
drug resistance are attractive. Mutations have been delin-
eated that are responsible for resistance to the primary
drugs used to treat TB, including rifampin (RIF), isoniazid
(INH), ethambutol (EMB), streptomycin (STR), and 

Table 43-3. Commercially Available, Molecular-Based Amplification Assays for the Diagnosis and Treatment of Mycobacterial Infections

Test (Manufacturer) Method Applications/Comments

Amplified Mycobacterium tuberculosis TMA FDA approved for testing respiratory specimens
Direct test (Gen-Probe, Inc, San Diego, CA) Target: rRNA

Direct detection of M. tuberculosis in broth cultures

Amplicor Mycobacterium tuberculosis test (Roche PCR FDA approved for testing AFB smear-positive respiratory 
Diagnostics, Indianapolis, IN) specimens only

Automated version: COBAS Amplicor MTB
Target: 16S rDNA
Direct detection of M. tuberculosis in broth cultures

BDProbe Tec (Becton Dickinson Diagnostic SDA Fully automated
Instrument Systems, Sparks, MD) Targets: IS6110 and 16S rDNA

LCx M. tuberculosis test (Abbott Laboratories, LCR Semiautomated
Abbott Park, IL)

INNO-LiPA Mycobacteria v2 (Innogenetics, PCR with reverse Identifies genus Mycobacteria and 16 mycobacterial species
Gent, Belgium) hybridization Target: 16S-23S ribosomal spacer gene region

INNO-LiPA Rif. TB (Innogenetics, Gent, Belgium) PCR with reverse Detects M. tuberculosis complex plus rifampin resistance
hybridization Target: region of the rpoB gene

GenoType Mycobacteria (Hain, Diagnostica, PCR with reverse Identifies 13 mycobacterial species and a supplemental kit with 
Nehren, Germany) hybridization 16 additional species

Target: 23S rRNA gene

FDA, Food and Drug Administration; LCR, ligase chain reaction; PCR, polymerase chain reaction; rRNA, ribosomal RNA; SDA, strand dis-
placement amplification; TMA, transcription-mediated amplification.
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quantification of the level of infectiousness among AFB
smear-negative patients.29 Of great significance has been
the use of DNA fingerprinting of M. tuberculosis isolates to
determine the occurrence of laboratory cross-contamina-
tion of cultures. Laboratory cross-contamination repre-
sents a significant problem that can result in unnecessary
treatment and drug toxicity for a patient. Molecular typing
also has provided insight into the pathogenesis of cavitary
and noncavitary disease caused by NTM.24

Available Tests

There are hundreds of publications in which molecular
methods, using a variety of formats, have been used to
directly detect mycobacteria in clinical specimens, identify
mycobacteria, and detect drug resistance mutations in M.
tuberculosis. Examples of NAA methods used for mycobac-
teria are provided in Tables 43-3 and 43-4.

Interpretation of Results

As with any laboratory test, prior to the interpretation of
results of molecular tests on patient specimens or AFB clin-
ical isolates, results of controls included with each run must
be interpreted first. Selection and use of appropriate con-
trols is an essential feature of any NAA test. Regardless of
the format, positive and negative controls must be run in

Table 43-4. Examples of Laboratory-Developed Methods for Mycobacterial Infections

Application Methods Comments

Direct detection PCR: single or multiplex Targets include IS6110, MPB64 and protein antigen B
Real-time PCR
Peptide nucleic acids

Identification PCR-RFLP with agarose gel or CE Targets include hsp65, 16S rDNA, recA, rpoB, dnaJ, and
32-kDa protein

SSCP
High-density DNA probe arrays Numerous techniques and targets for identification of

M. tuberculosis complex
Drug susceptibility PCR-RFLP To date, DNA sequencing is a more successful method for 

Heteroduplex analysis detecting RIF resistance
RT-PCR
Real-time PCR
Sequencing
SSCP
High-density DNA probe arrays
Oligonucleotide arrays

Epidemiology IS6110 RFLP IS6110 RFLP has high discriminatory power
Secondary markers

Polymorphic guanine-cytosine-rich repetitive 
RFLP typing
Spoligotyping (PCR-based) Spoligotyping is useful when discriminating isolates of

M. tuberculosis with few IS6110 bands, and is economical,
easy to perform, and rapid

Mixed-linker PCR
Variable number tandem repeat analysis
Mycobacterial interspersed repetitive units analysis

CE, capillary electrophoresis; PCR, polymerase chain reaction; PCR-RFLP, PCR–restriction fragment length polymorphism; RIF, rifampin;
SSCP, single-strand conformation polymorphism.

pyazinamide (PZA). Because RIF resistance is an excellent
marker for multidrug-resistant TB and 95% of all RIF-
resistant strains have mutations localized in an 81 base 
pair (bp) region of the bacterial RNA polymerase gene,
rpoB, which encodes the active site of the enzyme,28

numerous molecular strategies have been developed to
successfully detect RIF resistance. In contrast, research has
shown that more than a single gene mutation is frequently
responsible for resistance to INH, EMB, and STR. Although
numerous molecular formats have been used to detect RIF
drug resistance, the complexity of the drug resistance
mechanisms for other agents combined with the complex-
ity of the technology has hampered their broader accept-
ance in the clinical laboratory setting. Nevertheless,
relevant mutations for resistance to most of the primary
antituberculosis drugs have been described; most com-
monly, conventional or real-time polymerase chain reac-
tion (PCR) in conjunction with identification of specific
mutations within the amplicon using a variety of methods
are employed to detect drug resistance mutations.

Epidemiology

Molecular epidemiological methods have made significant
contributions to our understanding of the pathogenesis
and transmission of TB within populations. For example,
molecular fingerprinting techniques have provided epi-
demiological evidence of exogenous reinfection as well as
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parallel with patient samples. If the test is a laboratory-
developed assay to directly detect M. tuberculosis, the con-
centration of the positive control should be near the lower
limit of detection of the assay. If the run is large, multiple
negative controls should be included to monitor for cross-
contamination. As with any other laboratory test, if these
controls do not perform as expected, the run must be
repeated. Optimally, an internal inhibition control with
upstream and downstream primer recognition sequences
should be added to each patient sample reaction to
monitor for inhibition. If an internal inhibition control is
not included (some commercially available assays do not
include an inhibition control, e.g., the AMTD test), a second
reaction should be performed with addition and
amplification of a known target nucleic acid. If inhibition
is detected, a test result cannot be reported. For assays
using gel or capillary electrophoresis (CE), molecular-
weight markers are used.

Inherent problems and limitations associated with NAA
tests are false-positive results due to cross-contamination,
as well as false-negative results due to inhibition or inade-
quate sample collection, transport, and processing. In 
addition, sampling error due to low numbers of mycobacte-
ria (paucibacillary) or inadequate sample volumes also 
can lead to false-negative test results. Results should be
interpreted in the context of the patient’s history, physical
examination, and clinical course. Thus, it is imperative that
clinicians as well as clinical microbiologists have a thorough
understanding of the advantages and limitations of the 
particular NAA assay used for patient testing as well as the
specific microbiology and pathogenesis of the identified
mycobacterium.

Sequenced-based or PCR-RFLP methods for identifi-
cation of NTM provide a rapid tool for identification of
this vast group of organisms. However, paradoxically, the
identification of mycobacteria has become even more
complex with the introduction of these techniques, since
these methods have uncovered greater complexity of
mycobacterial species. In a study of 72 mycobacterial 
isolates that did not belong to any officially recognized
species, only three cases had agreement of species identifi-
cation by conventional tests, high-performance liquid
chromatography, and genetic sequencing.30 Further com-
plicating the interpretation of molecular identification
results were findings that specific species identification was
not the rule using analysis of the 16S rRNA gene of patient
strains.31 Based on these results, identification of mycobac-
teria will mandate attention to quality control of available
databases used for mycobacterial identification, coupled
with the realization that the taxonomy of the genus
Mycobacterium is far from elucidated. Thus, interpretation
of identification results using molecular-based methods
will require constant changes and updates to available
databases.30,32

In conclusion, molecular-based diagnostic tests should
be interpreted within the context of clinical information
and test performance characteristics. Of great importance

is strict adherence to guidelines for method validation that
include the determination of clinical utility for accurate
interpretation of results.

Laboratory Issues

There are numerous laboratory issues that pertain to 
the development, introduction, and performance of any 
clinical molecular test. Unfortunately, only guidelines, not
universal standards, currently exist for the validation and
subsequent quality control and assurance of laboratory-
developed tests.33,34 For example, all NAA methods require
adequate and appropriately designed space, as well as 
other measures, is to minimize cross-contamination of
samples.35,36 This section addresses those laboratory issues
that are specific to the diagnosis of mycobacterial infec-
tions by molecular assays.

False-positive amplification results can occur from car-
ryover of amplicon while setting up and performing the
molecular assay, as well as from cross-contamination of
clinical specimens during processing for AFB smear and
culture.37 A review of 14 studies revealed a median false-
positive rate of AFB culture of 3.1%.38 Of 236 patients
reported with false-positive cultures, 67% of patients were
subsequently treated, and some had toxicity from therapy
as well as unnecessary hospitalizations, tests, and con-
tact investigations. Thus, performance of NAA tests to
directly detect and identify M. tuberculosis, with their
inherent potential for false-positive results, underscores
the critical need for adherence to strict laboratory tech-
nique, inclusion of appropriate negative controls, and
careful interpretation of results within the context of the
clinical presentation.

As is the case with molecular testing for other infectious
agents, the lack of a perfect gold standard complicates the
interpretation of a positive amplification result with a neg-
ative culture. Likewise, false-negative amplification results
can occur because of inhibition, sampling error, and inad-
equate sample preparation. The theoretical detection of
one AFB has not generally been achieved in reality, which
is a particular issue for the diagnosis of M. tuberculosis
infection where there are often few organisms present in
the clinical sample. This coupled with the tendency of
mycobacteria to clump and thereby cause an uneven dis-
tribution of organisms in a sample can result in duplicate
tests with discrepant results that are difficult to interpret.

Owing to the nature of NAA methods, quality control is
essential for these procedures. A quality control program
should consist of an internal quality control program, as
well as participation in an external quality control program
such as that offered by the CDC. The critical need for strict
adherence to quality control measures was underscored
when 20 unknowns were sent to 30 laboratories performing
NAA tests; only five laboratories correctly identified 
the presence or absence of M. tuberculosis DNA in all
samples.39
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Specific to molecular-based identification methods, lab-
oratories performing these techniques must be aware of
the multiple problems with present sequence repositories
such as base errors, ambiguous base designation, and
incomplete sequences.31 It is becoming apparent that visual
inspection is becoming more cumbersome and challeng-
ing due to the growing number of hsp65 alleles described
in the literature.32 Another issue slowly arising from PCR-
RFLP analysis for identification is the lack of standard-
ization for electrophoresis conditions, which makes
comparison of data from different laboratories challeng-
ing. For example, difficulties in PCR-RFLP interpretation
stemming from similarities in a number of band sizes
needed to discriminate species via agarose gel elec-
trophoresis could be alleviated using 10% polyacrylamide
gel electrophoresis.40

As previously mentioned, the complexity of drug resist-
ance in M. tuberculosis has hindered the utility of molecular
tests. However, this limitation may be ultimately overcome
by development of other molecular approaches (see “Future
Applications”).Another caveat to testing is that the presence
of a resistance gene does not always imply expression of that
gene and phenotypic resistance.

Cost-effectiveness is another laboratory issue associated
with the performance of NAA tests for the diagnosis of TB
and identification of mycobacteria. Since NAA tests cannot
currently replace conventional methods for the diagnosis
and management of TB, a NAA test is an additional test
with associated costs. Although cost savings may be real-
ized because of possibly preventing more invasive and
costly diagnostic procedures (e.g., bronchoalveolar lavage),
limiting unnecessary or potentially toxic empiric antitu-
berculous therapy, shortening hospital stays in costly 
isolation rooms, and limiting transmission, this type of
outcomes research has yet to be systematically done. Our
understanding of the natural history of infection caused by
M. tuberculosis will continue to evolve as different applica-
tions are explored and evaluated in the clinical setting.
Many questions must be answered to fully exploit and
utilize the potential of molecular tests for the diagnosis of
mycobacterial infections. Toward this end, continued
objective evaluation of the analytic and clinical perform-
ance of molecular tests, and the impact on patient out-
comes, is imperative.

Future Applications

Continued advances in nucleic acid-based technologies
will serve only to enhance capabilities for the diagnosis of
mycobacterial infections. Efforts employing a variety of
strategies are already well under way.

Miscellaneous Methods

Different strategies and formats to allow for easier and
more rapid means by which to detect and identify

mycobacteria are continually being published. To illustrate,
DNA extracted directly from slides of AFB smear-negative
specimens was tested for M. tuberculosis by PCR and
sequence analysis for RIF resistance; this technique was
100% sensitive and specific for the detection of M. tuber-
culosis and RIF resistance.41

Another recent approach is the use of fluorescently
labeled peptide nucleic acids (PNAs) to directly detect M.
tuberculosis microscopically.42 PNAs are DNA-like mole-
cules in which the sugar-phosphate backbone is replaced
with a peptidelike structure that can hybridize to specific
DNA sequences with specific base pairing. PNAs can be
labeled with a fluorescent dye to allow for visualization of
PNA binding to specific DNA sequences present on a slide.
Of significance, the PNA can easily pass through an intact
cell wall and bind specifically to intracellular nucleic 
acid sequences. This strategy for the direct microscopic
identification of M. tuberculosis and NTM appears to hold
some promise. Finally, new rapid phenotypic methods,
such as the luciferase phage assay or the PhaB assays43

(Biotec Laboratories, Ipswich, UK), avoid some pitfalls
associated with genotypic methods for detecting drug
resistance in M. tuberculosis. New strategies will continue
to be developed and evaluated in direct detection and
identification of mycobacteria as well as drug susceptibil-
ity testing.

Automation and Miniaturization

The development of real-time PCR assays and other
amplification formats in which single or multiple nucleic
acid targets can be amplified and analyzed in a single
closed tube in minutes rather than hours is particularly
suited for subsequent automation. Instruments that auto-
mate the extraction of either RNA or DNA also have been
introduced, allowing for the performance of a greater
number of molecular-based assays while also providing a
more consistent quality of nucleic acid for analysis.

In addition to automation of NAA assays for the diag-
nosis of mycobacterial infections, there will be minia-
turization of analytical devices by micromachining
technology that will perform PCR in microreactors con-
sisting of either silicon or silicon and glass microchips.44

Advances in this area will have a major impact on the
ability to diagnose TB in the field and might prove to be
particularly attractive for use in underdeveloped countries
where the prevalence of TB is high.

Microarrays

High-density oligonucleotide arrays can rapidly examine
large numbers of DNA sequences with a single hybridiza-
tion step. DNA microarrays can be employed in two modes:
(1) DNA-based comparison of the genomic content of
different strains and (2) RNA-based monitoring of gene
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expression. Preliminary work has begun in the simul-
taneous detection, species identification, drug resistance
profiling, and strain genotyping of mycobacteria involved
in human disease.45,46 Utilizing a high-density array, simul-
taneous species identification of 121 isolates was achieved,
as well as detection of RIF resistance in 41 isolates of M.
tuberculosis.46 Similarly, high-density probe arrays for
species identification and RIF resistance using sequences
from the 16S rDNA gene and the rpoB gene, respectively,
were used to evaluate 51 M. tuberculosis RIF resistance-
causing rpoB mutations; arrays also included 2.2 kilobases
(kb) of the M. tuberculosis wild-type katG gene, previously
shown to confer INH resistance.47 The total process from
culture, including sample preparation and amplification,
took less than 4 hours manually. As M. tuberculosis drug
resistance determinants are gradually delineated, this type
of platform could be expanded, even with the addition of
epidemiological markers.

Clinical Knowledge

In addition to further technological innovation, epidemio-
logic and operational research is needed to develop 
algorithms for optimal use of molecular-based assays for
patient management, particularly in light of test expense.
In developed countries, TB remains a low-prevalence
disease, and the most rapid way to improve test perform-
ance is to select patients for testing in whom results will
have the greatest predictive value. Toward this end, there is
a need for well-designed, patient-based clinical trials with
NAA tests. Numerous questions need to be answered
regarding the use of these tests in previously treated indi-
viduals, children, and other subpopulations, in paucibacil-
lary forms of TB, as well as regarding how to assess the
infectiousness of individual patients, when to isolate a
patient, and when to begin contact investigations.3 Addi-
tional questions remain as to whether NAAs can ultimately
be used to distinguish latent from active M. tuberculosis
infections and monitor response to chemotherapy. As the
natural history of mycobacterial infections becomes better
understood in conjunction with the advancement of
molecular test methods, significant potential for rapid, sen-
sitive, specific, and cost-effective diagnosis of mycobacter-
ial infections will become a reality.
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Shortly thereafter, a company called Cellmark Diagnostics
became operational in England and in Germantown, Mary-
land. While the commercial applications drove the growth
of DNA typing, the fact that the earliest testing was per-
formed by commercial laboratories with proprietary data-
bases of allele frequencies was initially a problem that
delayed the use of this new information for legal forensic
work until statistical data necessary for interpretation of
results was made public.

Pennsylvania v Pestinikas

The first use of DNA typing in the United States was in a
1986 nursing home negligent homicide case. Forensic
Science Associates performed DNA tests to prove that
organs in the autopsy had not been switched as was alleged
by one expert. The DNA in this case had become highly
degraded, averaging fragments of approximately 100 base
pairs (bp).

Florida v Andrews

The first U.S. criminal conviction based on DNA tying was
of a serial rapist, Tommy Lee Andrews (1987). A series of
breaking and entering women’s homes and rapes began in
1986 in Orlando, Florida. A stakeout resulted in an arrest,
and Lifecodes matched the suspect’s DNA to vaginal swabs
of two of the rape victims.

Forensic Identification Methods

The Federal Bureau of Investigation (FBI) began perform-
ing DNA typing casework in December 1988. A few months
later, in March 1989, the state of Virginia became the first
state with an operational crime laboratory. Both laborato-
ries used RFLP analysis similar to that described by 
Jeffreys.

491

Historical Overview

The beginning of the forensic DNA typing revolution was
marked by the 1985 publication of a landmark article by
Sir Alec Jeffreys of Leicester, England, in which he coined
the term “DNA fingerprint” and suggested the potential
application of DNA fingerprinting in forensic investiga-
tions.1,2 Using restriction fragment length polymorphism
(RFLP) analysis and DNA probes complementary to poly-
morphic regions of the genome called “minisatellites,” he
described how bar code–like patterns were produced. The
autoradiographic patterns seemed to be different in every
person tested; hence the term “DNA fingerprint” likened
this molecular typing to an individual’s unique digital
fingerprint. In the same year, Jeffreys applied his revolu-
tionary technique to resolve a paternity dispute and to help
solve a double rape-homicide in England.

Queen v Pitchfork

The first criminal investigation using DNA typing was in a
double rape-homicide (of Linda Mann in 1983 and of Dawn
Ashworth in 1986) in the English countryside. Richard
Buckland, a person of low intelligence and sexual fetishes,
became the focus of early suspicion and was charged but
then exonerated by the new Jeffreys DNA tests. Males in the
community between 13 and 30 years of age were asked to
volunteer blood samples for DNA testing. There were no
matches despite 4500 “bloodings.” However, police discov-
ered that a man named Ian Kelly had substituted his blood
for Colin Pitchfork’s. Pitchfork was subsequently DNA
matched and then convicted of both homicides.3

Within a year of this DNA typing discovery (1986), the
first widespread commercial applications of identity
testing based on molecular techniques came into existence
when two commercial laboratories opened in the United
States to offer DNA typing services primarily for the
purpose of parentage testing: Forensic Science Associates
(Redmond, California) and Lifecodes (Valhalla, New York).
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Most forensic evidence links an item to the crime scene
but does not identify the perpetrator. Other than imaging
data, only fingerprint friction ridge analysis and DNA
typing permit the positive identification of their source.
Although the individuality of fingerprint friction ridge 
patterns was described centuries ago, fingerprints came
into use for forensic purposes only in the latter part of the
19th century and were admitted into U.S. courts as evi-
dence in the 1930s. The FBI owes its origins to the need for
a centralized database of fingerprints. Today, millions of
fingerprints are filed for criminal and civil purposes. In a
similar way, DNA typing provides a biological fingerprint
of an individual, and the government now also maintains
databases of DNA profiles. Thus, DNA not only confirms a
detective’s hunch but also provides a powerful investiga-
tory tool to identify suspects.

Serology tests were the forerunners to forensic DNA
identity testing of biological materials and included pri-
marily ABO blood group typing and serum protein 
isoenzyme testing. Unfortunately, these tests did not have
sufficient discriminatory power to unequivocally identify
an individual. Additionally, these traditional forensic tests
had technical drawbacks, such as requiring a large quan-
tity of biological specimen, rapid degradation of protein
targets, and limited types of acceptable specimens. For
example, full serologic testing could be performed on
blood, but not semen, saliva, and other tissues amenable to
DNA testing. With the discovery of the DNA fingerprint
and technological advances in molecular biology such as
the Southern blot and the polymerase chain reaction
(PCR), it became feasible to target the genomic source of
the variations in the protein marker systems, that is, the dif-
ferences or polymorphisms in an individual’s DNA, rather
than the protein product itself. Advantages of DNA typing
over serologic methods include being more informative,
species specific, tissue independent, sensitive, and resistant
to degradation.4

In 2004, as least 150 government forensic laboratories
and approximately a half dozen private laboratories were
performing some level of DNA examination. The Bureau of
Justice Statistics (BJS) conducted a survey of publicly oper-
ated crime laboratories performing DNA examinations.5 In
2000, laboratories received 31,000 DNA investigative case
submissions (typically with several samples each) and ana-
lyzed 25,000 of the cases; 81% ended the year with a
backlog of 16,000 cases. These numbers represented a
marked increase from previous years. In addition, the lab-
oratories received nearly 177,000 convicted offender data-
base samples, resulting in a median of 176 cases received
per laboratory. With a median staff size of six full-time
DNA analysts, 45% of the laboratories outsourced some of
their workload to private laboratories in attempts to meet
workload requirements. The significant impact of DNA
testing on forensic sciences is evidenced by the 2003
Advancing Justice Through DNA Technology initiative pro-
posed by US President George W. Bush, which called for a
total of more than $1 billion funding over 5 years to the

exclusion of all other forensic science programs of the
National Institute of Justice (NIJ).6

Although identity testing by DNA typing has its origins
in forensics and parentage testing, DNA typing has many
other applications in clinical medicine and pathology that
are described in other chapters of this book. This chapter
focuses on the forensic applications of DNA typing, begin-
ning with an overview of the methods and genetic systems
used for DNA typing, followed by a discussion of technical
and laboratory testing issues.

Forensic Testing and 
Sample Considerations

Forensic tests differ from clinical tests in several respects.
The samples to be tested vary substantially. An analyst may
routinely see cigarette butts but then must be prepared to
face a partially eaten orange for the first time. The sample
may be of trace amounts, permitting testing only once,
although routine practice is to attempt to save a portion 
of the sample for potential testing by the defense. The 
evidentiary sample is usually neither fresh nor pristine.
For example, semen samples are generally admixed with
vaginal cells and microbial flora in a rape swab (Figure 44-
1), spit on a sidewalk has been exposed to the sun and rain,
and blood on the floor may be that of both the victim and
the assailant. Furthermore, the testing is performed with
an eye to court challenge. Thus, the forensic scientist will
use only well-validated protocols, will document all aspects
of the laboratory processing, and will stand ready to defend
the science, the procedures, and the testing against any
legal attack. Even the purpose of the testing is usually dif-
ferent from that of clinical testing. The forensic scientist
most often answers the question “Who did this come
from?” rather than, as in the clinical laboratory,“How much
is here?” Moreover, the clinical laboratory staff often is not

Figure 44-1. The most common DNA evidence in U.S. crime laboratories is a vaginal
swab from a rape kit. This photomicrograph is a stained vaginal smear from a rape kit.
The arrows indicate spermatozoa. In addition to the DNA from the male contributor,
there is also DNA from the female epithelial squamous and white cells, as well as that of
the microbial flora.
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familiar with the regulations, standards, and quality assur-
ance practices of forensic laboratories. Thus, clinical labo-
ratories, though capable, are often not well suited to
address forensic issues.

In the United States, rape kits dominate the evidential
submissions to the forensic DNA laboratory (Figure 44-1).
A typical rape kit collection will include vaginal, anal, and
oral swabs, a blood collection tube, pubic combings, and
exemplars of pubic and scalp hairs. If a condom is used by
a rapist and later found, it may yield semen from the male
perpetrator on the inside and vaginal epithelial cells and
white blood cells from the female victim on the outside.
Blood and other specimens from homicides are the next
most common evidentiary specimens submitted to foren-
sic laboratories in the United States. The FBI reports that
biological evidence is collected in 60% of violent crimes.

A sample of blood from windows broken to gain entry
into a house in cases of burglary are not uncommon. In the
United Kingdom, testing is most frequently done for prop-
erty crimes; in contrast, this testing is not performed in the
United States, where fewer than 20% of property crimes are
solved. However, this standard may be changing. In a pre-
liminary study, the Miami-Dade laboratory was successful
in approximately 50% of the DNA submissions from bur-
glary cases, and New York City is set to begin routine prop-
erty crime casework.

DNA testing is not limited to blood and semen. In fact,
DNA can be collected from a myriad of items and materi-
als. Saliva may be deposited on beverage containers, stamps
and envelope seals, gum, cigarettes, or food (Figure 44-2).
Investigators have followed suspects to obtain “aban-
doned” specimens, such as facial tissues or stains from the
sidewalk where a suspect spat. Cords used as a murder
weapon for strangulation can yield both victim and per-
petrator DNA (Figure 44-3). Shed hairs, which contain
mitochondrial DNA, also can be used for identification
purposes. Fingernail scrapings occasionally yield DNA
from the perpetrator if a victim struggled and scratched

the perpetrator. Bite marks can be swabbed for DNA. Ref-
erence samples may come from toothbrushes, razors,
combs, clothing, and medical specimens.

“Trace DNA” or “low copy number” (LCN) DNA evidence
became an issue when van Oorschot reported in 1997 that
minute quantities of DNA can be recovered from finger-
prints.7 In 1999, the United Kingdom’s Forensic Science
Service (FSS) became the first laboratory in the world to
use LCN DNA analysis to investigate crimes. Conventional
laboratory testing will successfully type DNA from approx-
imately 150 cells, but the FSS laboratory types DNA from
30 to 50 cells. The High Sensitivity Laboratory of the New
York City Office of the Chief Medical Examiner (NYC
OCME) became the first laboratory in the United States to
routinely perform LCN analysis it and claims an ability to
detect DNA from as few as six cells. Such testing involves
minimizing buffer volumes and increasing thermal cycling
from 28 to 32 cycles. The High Sensitivity Laboratory antic-
ipates useful yields in only 10% to 20% of its specimens.
The implications of being able to test DNA from “handled
objects” are enormous. Analysts hope to obtain pure
(single) profile results that are assumed to be from the 
last person who pulled the trigger of a gun or handled 
a knife. However, contamination from prior handling,
secondary transfer, and spurious results is a concern that
needs to be addressed. These issues are compounded by the
destructive nature of the testing, which eliminates the pos-
sibility of retesting. For these reasons, there is controversy
over whether LCN analysis should be used beyond inves-
tigative applications, that is, for prosecutorial purposes. No
national standards are yet in place.

Forensic DNA identity testing can be used in other con-
texts. Urine samples from drug testing may be tested to
confirm that the sample is truly from the person who
allegedly gave the sample. DNA testing is used in a foren-
sic context for disaster victim identification,8 parentage
analysis, and even in wildlife cases (where speciation or
herd origin may be determined by genetic testing to prove
illegal poaching).

Figure 44-2. DNA testing identified a masked bandit when his peach strudel was left
at the scene of an armed robbery and used for DNA testing.

Figure 44-3. This vacuum cleaner cord was used as a ligature for a strangulation
murder. Swabbings of the cord along its length revealed the victim’s DNA in the center
and a mixture of the victim and accused on outer areas of the cord.
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Genetic Systems and Methods for 
DNA Typing

Forensic DNA identity testing is based on the detection 
and comparison of polymorphisms, or differences, in the
DNA between individuals.9,10 These differences can be due
to single nucleotide polymorphisms (SNPs [pronounced
“snips”]) or variations in length of a specific region or
locus in the genome, that is, length polymorphisms. These
polymorphisms result in different forms, or alleles, of
genetic markers. Everyone has two alleles of each autoso-
mal chromosomal genetic marker: one inherited mater-
nally and the other paternally. DNA typing (profiling) most
commonly involves length polymorphisms from regions of
repetitive DNA, such as minisatellites, microsatellites, and
interspersed elements. Regardless, forensic DNA testing
employs only a small fraction of the differences in the
human genome between different individuals.

Identity Testing by RFLP

The polymorphic nature of DNA can be visualized by con-
ventional RFLP analysis, as used for clinical disease testing.
DNA fragments of differing length are produced when
DNA from different individuals is cleaved with a restric-
tion endonuclease with a recognition sequence that is
altered by a nucleotide polymorphism. Thus, the presence
or absence of a given sequence within the restriction
endonuclease cleavage site determines the size of DNA
fragments produced. RFLP fragments in genomic DNA 
can be visualized by electrophoresis followed by capillary
transfer to a membrane and hybridization with a radio-
actively labeled probe complementary to the specific lo-
cus being assessed using Southern blot analysis (SBA). For
any one polymorphism, the population is divided into 
only three groups: variant homozygotes, heterozygotes, and
wild-type homozygotes.Although the process is potentially
useful, it simply requires too much work for too little infor-
mation to be of any practical use for forensic identity
testing. However, RFLP analysis can be used to visualize
length polymorphisms. “Hypervariable DNA” regions, dis-
covered by Ray White and then later rediscovered by Alec
Jeffreys, produce many different bands within a population
and even from a single family kindred using SBA. This 
discovery made the Southern blot useful for forensic 
purposes.

Hypervariable, or “minisatellite,” regions are commonly
located in subtelomeric chromosomal regions and are also
known as variable number of tandem repeat (VNTR) loci.
VNTR loci can generate RFLPs because each locus contains
a core sequence that is repeated many times in tandem, but
with a different number of total core repeats on each allele
in different people. The core repeat unit length in VNTRs
is 8 to 80 base pairs (bp), resulting in overall sizes of 0.5 to
>20 kilobases (kb) at different loci. The variation is hypoth-

esized to originate from slippage of DNA polymerase
during DNA replication. When a VNTR locus is located
between two restriction enzyme cleavage sites and the
DNA fragments are analyzed by SBA, different-sized bands
are produced depending on the number of core repeats at
the locus probed.

The probes used originally by Jeffreys hybridized to mul-
tiple minisatellite loci in the genome. Thus, in the RFLP
Southern blot, numerous bands were visualized per probe,
leading to the term “multilocus probes.” The resultant band
pattern resembled a bar code, which Jeffreys claimed was
unique to an individual (Figure 44-4). However the pattern
was subject to slight changes depending on the hybridiza-
tion stringency conditions; that is, bands would drop out
or in. Another drawback was that the technique required 
a significant amount of high-molecular-weight DNA to
perform, and, perhaps most distressing, because any given
band could not be ascribed to any specific genetic marker,
no allele frequency statistics could be determined.

In contrast to Jeffreys’ multilocus probes, single-locus
probes (SLPs), which hybridize to only a single region of
the genome, were being pioneered in the United States 
by Lifecodes. Using SBA, SLPs generally yield one or two
bands per probe (Figure 44-5). SLP genetic systems have
many advantages over multilocus probe RFLPs, including
cleaner bands, precise frequency statistics, less require-
ment for high-molecular-weight DNA, and less dependence
on electrophoresis conditions. For these reasons, RFLP
testing with SLPs became the predominant method of
DNA typing in forensic laboratories in the United States
throughout most of the 1990s. Initially, restriction enzymes
with a 6 bp recognition sequence were used but were later
abandoned in favor of the more robust and reliable 4 bp
recognition restriction enzyme Hae III, pioneered by Bruce
Budowle of the FBI. The forensic community settled on a
group of six genetic loci for routine use (D1S7, D2S44,
D4S139, D10S28, D14S13, and D17S79). The nomenclature
used for hypervariable repeats is D for DNA, a number for
the chromosome on which the locus is located, S for unique
DNA segment, and the final number, a sequential number
assigned for uniqueness.

VNTR loci are highly polymorphic and thus extremely
discriminating. The power of discrimination, the ability to
distinguish individuals from one another, for the set of 6
standard VNTR loci for Caucasian Americans is approxi-
mately 1 in 1.2 × 10.11 However, testing of VNTR loci by 
SBA is expensive, labor-intensive, and difficult to automate.
Typically, in the early days of DNA testing it took crime 
laboratories 6 weeks to perform testing for an identity
testing case by RFLP analysis. Furthermore, RFLP does not
produce discrete allelic designations but rather a fragment
size with measurement imprecision. Lastly, RFLP analysis
requires a large amount of intact high-molecular-weight
DNA, making it impractical for many forensic applications.
The advent of PCR to amplify regions of genomic DNA
resolved many of the disadvantages of using SBA. PCR
transformed the field of forensics and led to the abandon-
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ment of RFLP-based systems in forensic analysis in favor
of PCR-based systems. Surveys conducted by the BJS indi-
cate that 43 of 110 laboratories in 1998 reported using
RFLP for casework and 14 for database information, but by
2000, only one laboratory reported using RFLP for case-
work and none for database information.5

Identity Testing by PCR

Today, all forensic DNA testing begins with amplification
of the DNA target by PCR (Table 44-1). PCR amplification
is relatively easy to perform, inexpensive, quick, and

amenable to automation. PCR also permits labeling of
the amplified fragments, and multiplex or simultaneous
amplification of several loci in a single reaction. PCR
amplification also allows the routine testing of nanogram
quantities of DNA, and can be optimized to permit testing
of trace, picogram quantities of DNA, enabling the use of
new classes of evidentiary specimens. However, such a level
of sensitivity requires extreme care to prevent contamina-
tion, including laboratory facilities with separate pre- and
postamplification areas. Lastly, PCR permits testing of evi-
dentiary material in which the DNA has become degraded
and only a few mere fragments with the intact target
sequence remain. Although amplification methods other

Figure 44-4. In 1985, Alec Jeffreys first described a DNA fingerprint. He used a multilocus minisatellite probe resulting in a band pattern similar to a bar code, such as the one shown
on the can to the right. The various lanes of the autoradiograph are from different individuals, demonstrating that each shows a different pattern of bands. This multilocus probe
method of DNA typing has since been abandoned for forensic use.

Victim

Vaginal swab (f)

Blood

Suspect

Vaginal swab (m)

Figure 44-5. RFLP autoradiograph with five analytical lanes and three
control lanes. The DNA profile of the reference sample from a female rape
victim matches the DNA profile of blood found at the scene and that of
the female fraction of a vaginal swab. The DNA profile of the suspect ref-
erence specimen matches the male fraction of a vaginal swab but does
not match the DNA profile of the female victim.
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than PCR exist, the conservative forensic community will
not likely be quick to adopt an alternative to PCR unless
there is a very good reason to do so (e.g., chip-based 
technologies).

The Human Leukocyte Antigen DQA1 Gene
and the Polymarker System

The first application of PCR for identity testing was based
on the detection of sequence polymorphisms at the DQ
alpha (later called DQA1) locus of the human leukocyte
antigen (HLA) histocompatibility region. The DQA1
system is a single but complex system with 21 genotypes
that give an average discriminatory power of about 1 in 20.
Detection of the DQA1 polymorphisms was commercial-
ized for forensic identification purposes in a reverse 
dot-blot format in which amplified target DNA fragments,
called amplicons, bind to complementary immobilized
probes. Although the discriminatory power of the DQA1
locus is less than a VNTR locus, many smaller forensic 
laboratories initially preferred DNA testing by PCR of the
HLA DQA1 locus because the dot-blot format was easier to
perform, required less training, did not require sophisti-
cated statistical analysis, and was less expensive to imple-
ment. In fact, the first case in the United States in which
DNA testing was used, Pestinikas v Pennsylvania (1986),
involved DQA1 testing.

To improve its discriminatory power, the DQA1 system
later was incorporated with a “polymarker” system (Roche
Molecular Systems Amplitype PM + DQA1) composed of
five additional genetic loci (low-density lipoprotein recep-
tor, glycophorin A, hemoglobin gamma-globin chain,
D7S8, and group-specific component; Figure 44-6). The dis-
criminatory power of the polymarker system combined
with HLA DQA1 is approximately 1 in 2,000. Although
analysis of the DQA1 and polymarker polymorphisms is
technically simple, it has a few drawbacks. First, the power
of discrimination is significantly lower than that of RFLP
analysis because fewer alleles are used. This is a problem
for forensic analysis, since a high discriminatory power is
required. Second, the dot-blot method is not optimal for
the interpretation of mixed samples containing DNA from
more than one individual. For these reasons the HLA DQA1
and polymarker dot blot have been replaced by PCR analy-
sis of short tandem repeats (STRs). However, the dot-blot
method may reemerge for analysis of mitochondrial and
SNP phenotypic marker systems as a practical hybridiza-
tion assay for arrays of sequence polymorphisms.

Short Tandem Repeats

Short tandem repeats (STRs), also known as microsatel-
lites, are a class of length polymorphisms throughout the
genome that have become the mainstay of current forensic

Table 44-1. Summary of DNA Typing System Usage in Crime Laboratories

Typing Method PCR-Based Late 1980s 1990s 2000s Utility

RFLP No Dominates Dominates Abandoned Routine casework
Dot blots Yes Used Used Abandoned Routine casework
STRs Yes In research Used Dominates Routine casework
mtDNA Yes In research Used Used Hairs, degraded samples
Y-STRs Yes In research Used Vaginal swabs in rape cases
SNPs Yes In research Very degraded samples

mtDNA, mitochondrial DNA; RFLP, restriction fragment length polymorphism; SNPs, single nucleotide polymorphisms; STRs, short tandem
repeats; Y-STRs, Y chromosome short tandem repeats.

SAMPLE

1

2

3

4

5

6

GCD7S8HBGGGYPALDLR

Figure 44-6. Polymarker strips from different individuals using five genetic systems detected by PCR amplification and reverse dot-blot hybridization probes. LDLR, low-density
lipoprotein receptor; GYPA, glycophorin A; HBGG, hemoglobin gamma-globin chain; GC, group-specific component.



44. Forensic DNA Typing 497

identity profiling around the world.11,12 The core repeat unit
in STRs is between 2 and 7 bp in length, in contrast to 8 to
80 bp in VNTRs. While the majority of VNTRs are too large
to be successfully amplified by PCR, STR loci are amen-
able to PCR amplification (Figure 44-7). Thus, STR test-
ing involves amplified fragment length polymorphisms
with resulting amplicon sizes of approximately 100 to 
350 bp.

STR analysis is faster and easier than RFLP, is amenable
to automation, is more sensitive than RFLP, is successful
despite DNA degradation, and yields discrete allele types.
Although individual STR loci are less discriminating than
individual RFLP loci, several STR systems can be multi-
plexed to achieve discriminatory powers similar to or
greater than those of RFLP testing (typically >10−12) (Table
44-2). As a result, PCR-based STR testing has become the
dominant method of routine forensic DNA typing today
and will likely continue to be so for the foreseeable future.
However, other systems, described below, using mitochon-
drial DNA, SNPs, and Alu repeats, under certain circum-
stances may be performed as adjuncts or when STR tests
are not successful.

In the late 1980s, Tom Caskey, then at Baylor College of
Medicine in Houston, Texas, was funded by the NIJ to
develop STR systems for forensic applications.13 Subse-
quently, in 1991, STRs were first used by the Armed Forces
DNA Identification Laboratory, through a subcontract with
Cellmark Diagnostics, to identify service members who
died in the first Persian Gulf War. However, it was Peter Gill
at the United Kingdom’s FSS who first applied analysis of
STR loci (using in-house systems) to routine criminal case-
work in the mid-1990s.14

Recognizing the importance of cross-jurisdictional
matches, the FBI convened a panel of forensic scientists in
1998 to choose a panel of STR loci for use in their National
DNA Index System (NDIS). Thirteen STR loci, all contain-
ing tetranucleotide repeats (i.e., four nucleotides in each

core repeat), were chosen: D3S1358, D5S818, D7S820,
D8S1179, D13S317, D16S539, D18S51, D21S11, CSF1PO,
FGA, THO1, TPOX, and vWA (Table 44-2).15 These 13 core
loci, which have become the standard loci for forensic case-
work in much of the world, are referred to as “CODIS” loci,
after the Combined DNA Index System (CODIS) software

a

b

shoulder region C.R. C.R. C.R. C.R. C.R. shoulder region

shoulder region C.R. C.R. C.R. C.R. shoulder region

shoulder region C.R. C.R. C.R. C.R. shoulder region

shoulder region C.R. C.R. C.R. shoulder region

3 5

4

Figure 44-7. Diagram of short tandem repeat DNA segments com-
posed of varying numbers of core repeats (CR) and accompanying 
electropherograms showing the corresponding allele peaks: (a) 
Heterozygous pattern with alleles of 3 and 5 repeats. (b) Homozygous
pattern with allele of 4 repeats. The shoulder region is the flanking con-
stant region to which PCR primers hybridize.

Table 44-2. Comparison of Polymorphism and Discrimination of
RFLP and STR Systems

Match
Method Locus Bins/Alleles Heterozygosity Probability

RFLPs D1S7 28 0.945 0.0058
D2S44 26 0.926 0.0103
D4S139 19 0.899 0.0184
D10S28 24 0.943 0.0063
D14S13 30 0.899 0.0172
D17S79 19 0.799 0.07

Average 0.902 8.26 × 10−12

STRs CSF1PO 11 0.734 0.112
TPOX 7 0.621 0.195
THO1 7 0.783 0.081
vWA 10 0.811 0.062
D16S539 8 0.767 0.089
D7S820 11 0.806 0.065
D13S317 8 0.771 0.085
D5S818 10 0.682 0.158
FGA 19 0.86 0.036
D3S1358 10 0.795 0.075
D8S1179 10 0.78 0.067
D18S51 15 0.876 0.028
D2S11 20 0.853 0.039

Average 0.781 1.7 × 10−15

Genetic systems are listed along with the number of bins used or
alleles seen for the system, and the system’s heterozygosity and
average match probability. Bins are fragment-size ranges over
which fragments are treated as a single allele. Heterozygosity is a
measure of discrimination based on the distribution of alleles in a
population. The average match probability is a statement of the
likelihood of a random match in a population.
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into which DNA profiles are entered. “SGM plus” is a ten
locus system used in the United Kingdom, and in Germany
an eight locus system is used. Databases are maintained of
the STR alleles of convicted felons, casework profiles, and
missing persons. The commonality of genetic systems (i.e.,
STR loci) used in forensic casework enables computer
searches for matches across jurisdictions.

The selection of STRs with tetranucleotide repeats for
the CODIS loci was based on the need to minimize stutter
and optimize amplification. Stutter peaks are produced
when the DNA polymerase slips during amplification,
resulting in PCR products that have fewer and more repeat
units than the starting template. Substantial stutter can
confuse the interpretation of alleles from amplified STRs
and certainly is problematic in presentations to a jury. The
amount of stutter products is inversely related to the
number of nucleotides in the core repeat, with di- and 
trinucleotide repeats having the most stutter and tetranu-
cleotide repeats having less stutter, with the major stutter
product having most commonly one repeat unit less than
the template. Pentanucleotide repeat STRs have even less
stutter than the tetranucleotide repeat STRs; however, few
pentanucleotide loci had been characterized at the time the
CODIS loci were selected.Although larger repeat units have
less stutter, a disadvantage of these larger repeat regions 
is greater susceptibility to DNA degradation. Furthermore,
preferential amplification of shorter fragments to the near
exclusion of larger fragments may be problematic.

Commercial kits for amplification of the CODIS core
STR loci are available in various combinations of multiplex
primer sets from two companies: Promega Corporation
(Madison, WI) and Applied Biosystems (ABI, Foster City,
CA). Primer sets are available with either a fluorescein label
to detect the presence of amplified STR products with
fluorescence-based detection instrumentats (Figure 44-8)
or unlabeled for detection by silver staining following sep-
aration by denaturing polyacrylamide gel electrophoresis
(PAGE). While a variety of multiplex and monoplex primer
set combinations are available from both manufacturers
for identity testing applications, forensic identity testing
requires amplification of the CODIS loci. To this end, ABI
offers the AmpFLSTR Profiler (with loci D3S1358, vWA,
FGA, amelogenin, D8S1179, D21S11, D18S51, D5S818,
D13S317, D7S820), which can be combined with the
AmpFLSTR Cofiler (with loci D3S1358, D16S539, amelo-
genin, THO1, TPOX, CSF1PO, D7S820) to amplify all 
13 loci. Alternatively, Identifiler amplifies all 13 core loci as
well as amelogenin, D2S1338, and D19S433 in a single reac-
tion. Promega offers the PowerPlex 16, which includes the
13 core loci, plus amelogenin and two pentanucleotide
repeat loci, Penta D and Penta E. The commercial avail-
ability of these reagents for amplification of STR loci
simplifies the optimization and validation of amplification
to allow the ready application of these markers for addi-
tional identity-testing purposes as described in chapters 45
to 47.
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Figure 44-8. Electropherogram of multiplexed fluorescently-labelled PCR amplicons
from STR loci. DNA from one individual was amplified with an early commercial STR
(PowerPlex 1.2 [Promega]) multiplex primer set, which allows for the simultaneous
amplification and two color detection of eight polymorphic STR loci plus the sex marker
amelogenin (AM). Primers for four of the loci, CSF1PO, TPOX, TH01, and vWA (“CTTv”),
are labeled with tetramethylrhodamine and can be visualized as the blue peaks (A and
B). The remaining four primers sets that amplify the D16S539, D7S820, D13S317, and
D5S818 loci, also known as “GammaSTR,” are labeled with fluorescein, which can be visu-

alized as the black peaks (A and C). The use of the two colors permits the discrimination
of the alleles at each locus, even though the product sizes overlap. For allele assignment,
one color is visualized at a time (B and C). The alleles can be identified by comparison to
allelic ladders, shown in D and E, composed of the common population alleles for each
locus. The repeat numbers of the initial alleles for each locus are shown. While this mul-
tiplex is no longer commonly used for forensic applications, it is still used for other iden-
tity-testing applications, as described in subsequent chapters in this section.
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A significant resource for information on STRs, includ-
ing variant alleles, is available on the Web site of the
National Institute of Standards and Technology (NIST):
http://www.cstl.nist.gov/biotech/strbase.16

Amelogenin

The amelogenin locus is included in current commercial
STR amplification kits as a gender marker. The amelogenin
gene is present on both the X and Y chromosomes, but is 
6 bp longer in the Y chromosome than in the X chromo-
some. Therefore, after amplification of the gene, males will
manifest two peaks whereas females will manifest a single
peak of twice the intensity (Figure 44-9). The amelogenin
marker system is robust and reliable. However, in rare indi-
viduals, gender discrepancies have been noted.

Identity Testing by Mitochondrial DNA

Mitochondrial DNA (mtDNA) is a useful alternative to
nuclear DNA systems for identification purposes because
it is present at high copy number in each cell, has a differ-
ent inheritance pattern, and is present in some tissues
lacking a significant nuclear DNA presence.17 Mitochon-
dria may be derived from an ancient symbiotic parasite,
which may explain the presence of DNA within the
organelles of the cytoplasm. Each of the tens to thousands
of mitochondria has one or more DNA particles. Thus,
there are generally 500 to 2,000 copies of mtDNA per cell,
compared to one set of diploid chromosomal, nuclear
DNA. When a DNA specimen is substantially degraded, the
high copy number mtDNA is more likely to yield a result
than nuclear DNA. This is particularly important in the
identification of older skeletal remains, such as human

remains from past wars (i.e., the Vietnam War, Korean War,
and World War II).

MtDNA has an inheritance pattern different from that 
of nuclear DNA, being maternally transmitted without
recombination (Figure 44-10). The small numbers of
mtDNA particles that pass into the fertilized egg from the
sperm are destroyed by the enzyme ubiquitin, leaving the
maternal mtDNA intact. Thus, all mitochondria are derived
from the egg from the mother. MtDNA, unlike the paired
chromosomal DNA, does not undergo meiosis and does
not participate in genetic recombination events. MtDNA
remains unchanged through generations, until the occur-
rence of a mutational event. The rate of mutations in
mtDNA is 10 to 20 times greater than that in nuclear DNA,
presumably due to the exposure of mtDNA to oxygen free
radicals. Hence, analysis of mtDNA may be important
when only a distant maternal relative is available for a ref-
erence specimen. In contrast, analysis of identity by nuclear
DNA requires the availability of DNA from multiple close
kindred.

A major advantage of mtDNA is that it may be present
in tissues without nuclear DNA, such as hair and finger-
nails. Shed hairs (telogen hairs), which do not have roots,
generally contain mtDNA but not nuclear DNA. On
average, an individual loses 200 hairs per day, and thus it is
not surprising that shed hairs constitute a significant trace
evidential specimen.

Human mtDNA is a circular, double-stranded DNA con-
taining 16,569bp (Figure 44-11). For identity testing, only
sequence-based polymorphisms are of practical utility 
in mtDNA, since little repetitive DNA is present. The 
mtDNA sequence obtained from a sample is compared to
the Revised Cambridge Reference Sequence.18 (Anderson
first sequenced the entire mitochondrial genome in 1981
but a later updated consensus sequence is used.) The
sequence polymorphisms are concentrated in two hyper-
variable regions, which are located in the noncoding dis-
placement loop (D-loop), or control region (15971–579).
This 1200 bp control region spans the transcription origin
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Figure 44-9. The amelogenin locus is 6 bp longer on the Y chromosome than on the
X chromosome. Thus, a male will have two peaks and a female will have only one peak
in the electropherogram.

Figure 44-10. Mitochondrial DNA (mtDNA) is maternally inherited without recombi-
nation. The mtDNA sequence will be exactly the same in all children of the grandmother
and all children of her daughters. However, all grandchildren will inherit 25% of the
nuclear DNA of their grandmother. In this pedigree diagram, all females (circles) 
and males (squares) filled with the same pattern have maternally inherited the same
mtDNA.
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(base pair = 0), so that hypervariable region I (HVI) is num-
bered 16024 to 16365 and hypervariable region II (HVII) is
numbered 73 to 340 (Figure 44-11). Polymorphisms in the
coding region exist and are useful but are too disparate to be
practically interrogated by sequencing.

Heteroplasmy refers to the presence of more than one
mtDNA sequence in the same organism. Although hetero-
plasmy was well known in plants and nonhuman animals,
it was first described during the identification of Czar
Nicholas Romanov II (Figure 44-12).19 A low level of het-
eroplasmy may, in fact, be present in all individuals. To be
detected using standard DNA sequencing of mtDNA, the
level of heteroplasmy must be above approximately 30% of
the mtDNA sequence. Otherwise the presence of sequence
variations as secondary peaks of lower peak height will not
be distinguishable from the background noise. Hetero-
plasmy is not uniform through the body and appears to be
somewhat tissue specific. In addition, heteroplasmy may be
rapidly lost (reversion to homoplasmic state) in family lin-
eages because of the bottleneck phenomenon that occurs
during reproduction from a single fertilized egg. Hetero-
plasmy complicates forensic analysis because, for example,
two hairs cannot be assumed to be from different individ-
uals if they differ by a single mismatch.

Forensic mtDNA testing is performed by only a few 
specialized laboratories because the standard analytical
method is DNA sequencing, which is expensive, labor-
intensive, relatively slow, and highly sensitive to contami-
nation. The exquisite sensitivity of the testing mandates
special laboratory facilities and procedures. Also, interpre-
tation is less straightforward than for routine STR results.
The FBI has recently designated four state laboratories as
regional mtDNA laboratories.

A dot-blot technology has been commercialized (Roche
Molecular Systems, Alameda, CA) that enables mtDNA
testing for screening purposes by most laboratories. This
linear array assay uses 27 sequence-specific oligonu-
cleotide probes that capture most, but not all, polymorphic
information of the HVI/HVII control region.20,21

Additional Genetic Systems for Forensic Analysis

While STRs are not likely to be replaced for fundamental
routine casework anytime soon, other genetic systems,
described below, are being developed and slowly intro-
duced into use as adjuncts to STR forensic analysis or in
place of STRs in certain situations.

Male-Specific DNA Typing with Y
Chromosome Markers

A new class of genetic system, the Y chromosome markers,
is being introduced into forensic laboratories. Currently,
these markers are STR systems located in the male-specific
region (MSR) of the Y chromosome, but SNP systems from
the same region also are under development. Y chromo-
some markers, other than amelogenin, are not gender
markers but rather male-specific identity systems that
permit typing of spermatozoal DNA in vaginal swabs from
rape cases without concern for contaminating DNA from

a Tsar Nicholas II
C/T

*

C/T

*

T

*

b Georgij Romanov

c Xenia Cheremeteff-Sfiri

L16169

L16169

L16169

A

A

A A A A A C C A A

A A A C C A A

A A A A AC C

Figure 44-12. The first description of mtDNA heteroplasmy in humans was in the case
of Czar Nicholas Romanov II, the last imperial Russian monarch. DNA sequence analysis
shows that the czar (a) shares the heteroplasmy (C/T marked with an asterisk) at posi-
tion 16,169 with his brother Georgij (b) but not with his distant relative Xenia Chereme-
teff-Sfiri (c) (five generations removed) who is homozygous for the T allele.

0
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Figure 44-11. Mitochondrial DNA is a circular length of DNA of 16,569 bp. The “control
region,” or “displacement loop,” is a segment of approximately 1,200 bp that contains
the origin and two hypervariable segments (HV1 and HV2) that are used for forensic 
purposes.
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female epithelial and white cells. Currently, to separate the
male cells from the female cells, forensic laboratories
perform differential extractions. The female cells are gently
lysed, followed by treatment with dithiothreitol (DTT) to
break the disulfide bonds in the sperm capsules and release
the male DNA fraction. The technique works well for RFLP
testing, but more-sensitive PCR tests often have contami-
nant female DNA in the male fraction. The amplification 
of Y chromosome–specific markers eliminates the need 
for separation of male and female cells resulting in
unequivocal identification despite female admixture. As
with any extraction procedure, some target DNA may be
lost from the differential extraction procedure, and thus Y
chromosome markers may result in successful DNA typing
when conventional STRs after differential extraction fail.

Y chromosome markers are useful precisely because
they are inherited paternally. The absence of recom-
bination means that the exact same Y chromosome DNA
allele types will be present in distant paternal relatives of
an individual. For example, Y chromosome markers were
used in determining the paternity of US President Thomas
Jefferson among his distant descendants.

To develop Y chromosome–specific markers, attention
was initially focused on STR loci located on the Y chro-
mosome (Y-STRs). Since markers on the Y chromosome
are inherited together, the alleles at several loci form a 
haplotype, that is, a group of genetic markers in linkage
disequilibrium. European investigators established a 9-
locus minimal haplotype (DYS19, DYS385a/b, DYS 389 I/II,
DYS390, DYS391, DYS392, DYS393), which was endorsed 
by the International Society of Forensic Genetics, and 
an extended Y-locus haplotype with the addition of the
YCAIIa/b loci. The Scientific Working Group on DNA
Analysis Methods in the United States endorsed a similar
11-locus U.S. haplotype composed of the European mini-
mal haplotype loci plus DYS348 and DYS349.Amplification
kits for Y-STRs are available commercially through ABI
and Promega. The amplified Y-STR amplicons can be ana-
lyzed using the same instruments used for other forensic
STR systems.A 20 Y-STR locus multiplexed system is under
development at the NIST. More information on Y-STR 
haplotypes is available from the Y-STR Haplotype Refer-
ence Database Web site (http://www.ystr.org).22

SNPs for Typing of Highly Degraded DNA

By far the most common polymorphisms in the human
genome are simple isolated single base differences, SNPs.
Very small DNA fragments can be interrogated for SNP
alleles; thus, SNP genotyping can be applied for forensic
identification despite extreme DNA degradation, since
small DNA targets are more readily amplified than larger
targets in fragmented DNA. Most SNPs are biallelic; that is,
there are only two alleles, a dominant allele and a non-
dominant allele, despite the fact that there are four possi-
ble nucleotide bases. Therefore, a large set of SNPs must be

used to obtain significant discriminatory values. As a result
of the technical demands of interrogating a large number
of SNP sites, SNPs are not used commonly for forensic
analysis at this time but are being developed by a number
of laboratories. The identification of human remains 
recovered from the World Trade Center disaster is one 
scenario in which SNPs showed great advantage (Orchid-
GeneScreen, Dallas, TX), since the DNA was severely
degraded in a large percentage of the specimens. Analysis
of SNPs is particularly amenable to automation and analy-
sis with chip technologies using hybridization, polymerase
extension, or ligation reaction assays.

Ethnic and Phenotypic Markers: Alu Repeats,
LINEs, SNPs

Large, high-copy-number genomic elements can be used as
markers of ethnic origin.23 A significant portion of the
human genome consists of self-replicating sequences,
known as “mobile elements,” that replicate and insert ran-
domly throughout the genome. The Alu family of mobile
elements comprises 5% of the human genome. Once
inserted, these elements are inherited in a Mendelian
fashion. Mutations occur with sufficient frequency that
they can be used as markers of descent. Since mutations
collect over time, the age of a given insertion generally can
be dated. Also, the insertion sequence tends to be lost with
time. Similarly, the L1 family of Long Interspersed Ele-
ments (LINES) can be used to trace evolutionary ancestry.
In combination with other genetic systems (microsatellites,
SNPs, Y-STRs, and mtDNA), Alu and LINES markers will
provide some statistical inference about human evolution
as well as race and ethnicity that may be helpful to inves-
tigators. Certainly, population admixture is making this
effort more risky. Others are pursuing SNP genetic deter-
minants of eye, hair, and skin characteristics, a genetic
version of “driver’s license data,” also in an effort to assist
investigators. Although some progress has already been
achieved, much work still is needed.

Instruments for DNA Typing

Heavy forensic caseloads demand that the forensics com-
munity use methods of analysis with high throughput. All
current instrumentation for analysis of genetic markers 
of identity employ electrophoretic separation followed 
by a detection method with laser-induced fluorescence.
This method of detection is sensitive and permits the
incorporation of fluorescent labels with different emission
wavelengths into the PCR products, thus permitting 
high-order multiplexing of different markers with overlap-
ping product sizes in the same amplification reaction
(Figure 44-8).

Capillary electrophoresis (CE) instruments size frac-
tionate and detect fluorescently labeled DNA fragments
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using a polymer gel-filled capillary tube (Figure 44-13). A
denatured DNA sample is “injected” into one end of the
capillary by application of a voltage that results in move-
ment of the negatively charged DNA toward the cathode.
These CE instruments have replaced slab gel electrophore-
sis systems because there is no need to clean glass plates
and pour the gels, and because they have inherently faster
run times and use smaller (hence less expensive) sample
volumes but achieve similar results. The CE capillary, with
a typical internal diameter of 75 µm, is filled with a linear
polyacrylamide or similar gel matrix.

Typical casework calls for on-demand instrumentation
that can handle relatively few specimens but with fast run
times. High-throughput CE instruments are used as batch
instruments for DNA data-banking operations. The ABI
Prism 3100 Genetic Analyzer is available as a 4- or 16-
parallel-capillary instrument, and the ABI Prism 3700 DNA
Analyzer is a 48- or 96-capillary instrument. Amersham
Biosciences sells the Megabace series of instruments, which
can be configured with 48, 96, or 384 capillaries.

New technologies for use in forensics are being devel-
oped, in large part due to funding efforts by the NIJ.24

Network Biosystems is producing a capillary array fabri-
cated by etching microchannels into glass chips, resulting
in an ultrafast CE array system that has run times of
seconds and produces sharper bands than conventional CE
instruments. Nanogen (San Diego, CA) has produced chip
technology that can detect STR and SNP systems. Inte-
grated microsystems are being developed by Richard
Mathies at the University of California at Berkeley, Jerome
Ferrance at the University of Virginia, and Frederic Zen-
hausern at the Arizona State University Biodesign Institute.
In each case, the potential for eventually developing a field
unit could be contemplated. Testing at the crime scene may
yield an immediate match in a DNA database or immedi-
ately exclude a set of available suspects.

Interpretation of Results

Defense attorneys faced with evidence that points to their
client, with odds of one trillion to one that the perpetrator
could be another person, began by directly attacking this
new scientific evidence. The early days of the challenge to
DNA evidence in court are sometimes referred to as the
“DNA wars.” The attacks were centered primarily on the
issue of statistical interpretation.

Due to measurement imprecision, RFLP testing resulted
in continuous allele distributions, in which a 6.72 kb band
might or might not be the same as a 6.73 kb band. To
address this issue, the community adopted conservative
statistical measures, including the use of sizing bins (19–30
for the six commonly used RFLP systems). Nonetheless, the
defense challenge was striking. Today, STR systems yield
discrete alleles, in which a heterozygous 7-repeat and 8-
repeat allele at the TH01 locus in an individual (TH01 7,8)
is analogous to an O blood type. This is because the meas-
urement imprecision using high-resolution acrylamide
gels (generally about one tenth of a base) is well within the
4-base core repeat unit that defines the allele. Therefore,
with the use of STRs, binning and match criteria are no
longer relevant for statistical interpretation of DNA iden-
tity testing. Microvariants, due to incomplete or variant
core repeats in some individuals, must be recognized. In
addition, certain pitfalls must be considered in analyzing
forensic DNA profiling results. For example, if samples are
partially degraded, larger alleles may drop out, but smaller
alleles may remain recoverable (Figure 44-14). Mixtures of
DNA from two or more individuals also can be problem-
atic to interpret.

Identity testing reports generally state the frequency
with which a given genotype of all the alleles tested will be
found in a white, black, or Hispanic population. The calcu-
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Figure 44-13. This simplified cartoon shows how capillary elec-
trophoresis separates DNA fragments by size as an applied voltage results
in the movement of electronegatively charged DNA fragments through
a polymer gel-filled capillary tube toward a positive charge. As fluores-
cently labeled fragments pass a window through which a laser beam is
directed, the fluorophores are excited and a detector captures the
emitted signal. The emitted signal is then used, within a linear range, to
detect the quantity of DNA fragments of each size.
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Figure 44-14. Allelic drop out from sample degradation or primer site
polymorphism is one of the few interpretative pitfalls in the analysis of
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lation is achieved by multiplying the allele frequencies of
individual alleles in the given ethnic population.25 In this
way, very high powers of discrimination are achieved. Dis-
criminatory power should not be confused with accuracy,
since ABO blood group typing is accurate but has low dis-
criminatory power (perhaps one in three).

Certain features of genetic systems were cause for initial
attack, including independence of genetic loci, whether or
not a polymorphism was in Hardy-Weinberg equilibrium,
and whether substructure was present, indicating sub-
group predilection. Current forensic genetic systems show
greater intergroup than intragroup diversity, allaying many
of the concerns over appropriate reference population
allelic frequency data.26 A National Research Council
(NRC) report, NRC I,27 was issued in part to address these
statistical issues. The NRC I report introduced the “ceiling
principle,” in which a minimum allele frequency was set to
prevent an overly high estimate of the discriminatory
value, but this itself generated considerable controversy.
This led to NRC II report,28 which withdrew the ceiling
principle and has, in fact, largely settled most statistical
issues.

Since mtDNA is considered a single genetic system and
the polymorphisms are linked, the individual frequencies
cannot be multiplied together to generate large discrimi-
natory values. Instead, mtDNA statistics involve the mere
counting of similar genotypes in a large database to derive
a frequency statistic. Most mitotypes in the database are
unique. Since the reference forensic database maintained
by the FBI has more than 600 entries, it can be fairly stated
that most mitotypes have a discriminatory value of greater
than 1 in 600. On the other hand, 20% of the time, the DNA
sequence will be one of 18 common haplotypes with a pop-
ulation frequency of greater than 0.5%, and the most
common haplotype is present in 7% of the population.

Similar to mtDNA testing, the discriminatory power of
Y chromosome markers is not as high as that of autosomal
markers, because the frequency statistics cannot be multi-
plied together as independent variables, but rather are
inherited as linked genetic systems. Thus, their frequencies
are determined by the counting method. Consequently, a
greater number of systems and a large population database
are desirable.

Convicted Offender Databases

The BJS reports that within 3 years of release, 67.5% of
prisoners are rearrested, 46.9% are reconvicted for a new
crime, 25.4% are resentenced to prison for a new crime, and
51.8% are back in prison for either a new crime or viola-
tion of their parole (failing a drug test, missing an appoint-
ment, etc.). Rearrest rates include: homicide, 40.7%; rape,
46.0%; sexual assault, 41.4%; robbery, 70.2%; and burglary,
74.0%.29 Due to this documented recidivist nature of crim-
inals, it is logical to collect DNA from certain offenders to
assist with their recapture should they perpetrate another
crime. Indeed, this is not very different from collection of
a fingerprint.

Some privacy advocates argue that, in fact, the informa-
tion in DNA amounts to a window into more personal
information about the individual than should be accessible
to law enforcement. In fact, law enforcement has little inter-
est in medical information available through DNA analysis
nor the funding or expertise to collect or analyze it. Some
are concerned that genetic predisposition to violence
might be of interest to law enforcement, but given the
multigenic nature of such a characteristic, it would appear
that the best information on the future criminal behavior
of an individual is his or her own criminal record, which is
already in the hands of the government.

The United Kingdom has been the leader in forensic
DNA data banking.30 The United Kingdom more aggres-
sively uses DNA testing in casework and collects DNA from
a broader range of individuals, including arrestees. The 
UK database currently contains approximately 2.5 million
profiles, representing 3.4% of the UK population. Accord-
ingly, officials claim that they can find matches in approx-
imately 50% of biologic specimens from crime scenes. They
believe that it is more cost-effective to perform the DNA
testing than to conduct traditional police canvassing of a
neighborhood. Their experience has convincingly demon-
strated that a relatively small group of professional crimi-
nals perpetrate most crimes.

Virginia passed the first DNA data bank law in 1989. The
law initially applied to all convicted sexual offenders but
was expanded in 1990 to include all felons, and expanded
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again in 2003 to include persons arrested for a violent
felony after a finding of probable cause by a magistrate. In
June 2004, the Virginia laboratory had achieved 2,000
identifications, or “hits,” after more than 216,000 samples
had been collected. It took 8 years for the first 1,000 hits,
but only 18 months before the second 1,000 hits were
obtained. The hits assisted or solved criminal investiga-
tions of the following types: 11% homicides, 21% sex
offenses, 59% property crimes, and 9% miscellaneous other
(i.e., indecent exposure, aggravated assault, arson, etc.).

Policymakers from all states in the United States have
concluded that maintaining a database of DNA types of
convicted offenders is worthwhile and appropriate. All 50
states have required the collection of DNA samples from
convicted offenders since May 2004. These databases have
generally expanded from registries of sexual offenders to
registries of all felons. They also have expanded to include
those who commit lesser crimes, as perpetrators of lesser
crimes often progress to the commission of more serious
crimes. Today, nearly 2 million convicted offender profiles
are in the national database, representing approximately
0.6% of the US population. Other than convicted offenders,
databases also are maintained of active casework, missing
persons, and relatives of missing persons. Louisiana, Texas,
and Virginia have promulgated authorizing legislation for
the obtaining of DNA specimens on arrest. Some com-
mentators have argued for a database of all citizens, pri-
marily to preclude system bias.

The DNA Identification Act of 1994 (Public Law 103-322)
authorized the creation of the FBI’s NDIS. DNA profiles are
loaded onto CODIS software.31 Searches can be performed
locally through a Local DNA Index System (LDIS) or State
DNA Index System (SDIS) and across state lines through
the NDIS. Each state has a single designated state CODIS
operation, SDIS, that enters DNA casework and databank
information into the NDIS. A match from an NDIS search
will result in the local crime laboratory of one state being
put into contact with the local crime laboratory in another
state to discuss details. Identifying information other than
the DNA profile is not entered into the system. Further-
more, uploading of DNA profiles triggers federal regula-
tory requirements on the use of the DNA specimens and 
profiles.

Quality Assurance and 
Laboratory Issues

Since an individual may be executed on the basis of foren-
sic testing, the forensics community feels a heavy burden
for ensuring the accuracy of test results. Precisely because
DNA testing is so decisive, it must be performed with great
care. Unfortunately, some egregious lapses in quality have
been exposed in forensic testing. Pressure to find someone
guilty seems to be the basis for a few well-known examples
of analysts that intentionally reported findings consistent

with those of detectives and prosecutors. The more-
common situation is due to poor laboratory resource
support. The Houston Police Department (HPD) DNA unit
was shut down in December 2002 and its entries into the
CODIS database removed after an audit exposed deficien-
cies and outside testing verified that HPD testing had
incorrectly resulted in a conviction. The caseload per
analyst in the HPD laboratory was more than four times
the national average. Such instances are not characteristic
of the community, which emphasizes scientific integrity
and justice. Moreover, testing generally is performed using
commercial kits that have undergone quality control pro-
cedures, with additional extensive internal validation by
the laboratory.

The experience of the College of American Pathologists
from proficiency testing surveys is that the forensic com-
munity is able to produce remarkably high-quality data.The
correlations of variation for fragment sizes from RFLP tests
of the forensic science laboratories were far tighter than
those of the clinical laboratory community, and today
surveys often show complete agreement in the typing of
STR alleles. However, comparisons between clinical and
crime laboratories are unfair in that fragment sizing is of
critical importance to crime laboratories but not to clinical
laboratories. Furthermore, the forensics DNA typing com-
munity is small and close-knit. Early on, the FBI formed the
Technical Working Group on DNA Analysis Methods
(TWGDAM) to allow analysts from different laboratories to
critique one another’s protocols, autoradiographs, and
other results. There are several other forums for technical
discussions each year, including the Promega Annual 
Symposium on Human Identification, the American
Academy of Forensic Sciences’ criminalistics section,
CODIS meetings, the American Society of Crime Labora-
tory Directors’ annual meeting, and meetings of the
regional forensic science organizations.

Crime laboratories are unregulated, except in the case 
of submission of DNA results into NDIS.31 The DNA
Identification Act of 1994 gave the FBI regulatory oversight
of DNA profiles entered into the national database. The 
legislation called for a DNA Advisory Board (DAB) that
produced recommended standards, based largely on guide-
lines of the TWGDAM, which were adopted with little
change by the FBI director. TWGDAM has since been
renamed the Scientific Working Group on DNA Analysis
Methods and continues to recommend new standards to
the FBI. The FBI conducts audits of laboratories to verify
and enforce compliance at least with respect to profiles that
are generated and uploaded into the NDIS.

The FBI/DAB standards require accreditation. The
American Society of Crime Laboratory Directors/Labora-
tory Accreditation Board (ASCLD/LAB) and, more recently,
the Forensic Quality Services (FQS) accredit laboratories.
ASCLD/LAB requirements include minimal educational
credits and experience, proficiency testing twice a year per
analyst, and annual audits, among other requirements. All
testing requires a technical and an administrative review.
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The accreditation requirements and audits are rigorous.
The FQS has based its accreditation process on the Inter-
national Organization for Standardization/International
Electrotechnical Commission (ISO/IEC) Guide 25 and
Standard 17025, and ASCLD/LAB is moving toward use of
these standards. The BJS, however, found that as of January
2001, only 63% of laboratories were accredited and 19%
had applied for accreditation or had undergone a preac-
creditation inspection.5

Standard reference materials from the NIST are available
for RFLP profiling (SRM 2390), PCR-based profiling (SRM
2391b), Y chromosome testing (SRM 2395), and mtDNA
testing. Standards require annual comparisons with NIST-
traceable standard materials.

In addition to these forensic science laboratory meas-
ures, judicial scrutiny provides additional review of those
cases that go to court. However, defense review and chal-
lenges vary greatly.

Legal Issues and Future Directions

The “DNA wars” are largely over. The scientific basis of
forensic DNA typing was never seriously questioned, but
rather vitriolic challenges were launched at laboratory pro-
cedures and statistical interpretation. The admissibility of
DNA evidence was not challenged in the 1995 O.J. Simpson
case despite the presence of a well-funded and experienced
defense team; instead, merely the “weight” of the evidence
was challenged, on the theory that police investigators 
had intentionally planted Mr. Simpson’s blood. The most
common challenges today are to sample collection, preser-
vation of the evidence, chain of custody, documentation,
and validation studies.

New genetic testing systems and technologies will
undergo renewed judicial scrutiny, with particular scrutiny
given to LCN DNA testing and ethnic determinations. But
such is the nature of the justice system, and we are better
off for the scrutiny despite the difficulties that are endured
in the process. DNA evidence is too powerful not to ensure
its accuracy.

Postconviction DNA testing is the use of DNA tests for
the purpose of exoneration after an individual has been
convicted. Between 100 and 200 individuals, many on death
row, have been released from prison by DNA testing.32,33

Barry Scheck’s Innocence Project has been the leader in
this movement, though many other subsequent programs
have been established around the country.34 Since our judi-
cial appellate system has been based on showing a lack of
fairness at trial rather than a showing of innocence, new
legislation has been promulgated in many states to
specifically authorize the funding and use of DNA tests to
exculpate the falsely convicted. As could be expected, many
thousands of inmates claim to be falsely convicted. Foren-
sic DNA testing will continue to increase in use and scope,
and legal challenges will continue to evolve.
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Chapter 45
Parentage and Relationship Testing
Herbert F. Polesky

testing applied DNA-based systems. The development of
polymerase chain reaction (PCR) methods that easily
allowed testing of a minimal sample led to a shift from
testing by the classic marker systems (RBC antigens, HLA,
etc.) to testing by only DNA marker systems.3 The evolu-
tion of testing methods offered by laboratories subscribing
to the College of American Pathologists (CAP) parentage
proficiency testing program between 1993 and 2003 is
shown in Figure 45-1. In conjunction with a doubling of the
number of laboratories performing parentage testing
(from ∼50 to 100 laboratories), there was a sharp increase
in PCR testing with a concomitant drop in all other testing
methods.

Indications for Relatedness Testing

Parentage

Attempting to determine whether a man is or is not the bio-
logic father of a child is the most frequent reason for 
performing relatedness testing. As indicated above, child
support programs are mandated to identify fathers of chil-
dren born out of wedlock. In many situations the mother
is unsure of who is the father. By establishing paternity, the
mother is able to obtain financial support for the child.
Even when a child is born to a married couple, paternity 
is not a certainty. Family studies performed as part of
medical trials have frequently reported that a small per-
centage of participants’ children have extramarital genetic
origins. Testing may be requested when a divorce is
pending or when a father has doubts about his relationship
to a child. Relatedness testing also is useful when it is 
suspected that babies have been mixed up in the 
nursery or to confirm the identity of a kidnapped child.
Genetic marker tests can establish parentage of a child
born to a surrogate mother or in some cases when assisted
reproductive technologies, such as in vitro fertilization, are
used.

507

Historical Overview

Methods to determine parentage and other relationships
between individuals are not new. An early reference is
found in Kings (3: 16–27), in which Solomon uses the threat
of dividing the child to determine maternity. The applica-
tion of scientific methods to this problem followed the 
discovery of the ABO blood group. Laws recognizing the
possible exclusion of parentage by blood group testing
were enacted by some states as early as 1935. Between 1940
and 1960, as additional blood group systems were defined
and shown to follow Mendelian inheritance, more tests to
exclude paternity were introduced. When appropriate
reagents and methods were used, these red blood cell
(RBC) group marker systems were reliable; however, the
distribution of these markers in most populations limited
the chance that a falsely accused man could be excluded.
Subsequently, in the 1960s and 1970s, the discovery of poly-
morphic protein and red cell enzyme systems resulted in
new markers that increased the power of the testing.
The introduction of human leukocyte antigen (HLA)-A,B
typing further expanded the possibility of excluding most
falsely accused men.1

Prior to the 1970s, the information from genetic marker
testing was largely limited to providing evidence that a
relationship did not exist. As more test systems were used
it was recognized that when testing failed to exclude a 
relationship, the probability of a relationship between the
tested individuals could be reliably calculated from the
genetic information obtained. An amendment to the US
Social Security Law (title IV D) in 1974 required that
women requesting financial aid for dependent children
identify the father. This change in the law increased the
importance of providing estimates that a tested individual
could be related.

Reports suggesting the use of DNA markers based on
restriction fragment length polymorphisms (RFLP) for the
determination of parentage first appeared in 1986.2 Over
the next decade most laboratories performing relatedness
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Adoption and Absent Parents

A recent change in laws concerning availability of adoption
records has increased requests for testing to identify bio-
logic parents. Genetic evidence can confirm whether a 
relationship exists. Testing may be requested when indi-
viduals who were raised separately desire to establish
whether they are siblings.4 Similarly, testing may be useful
to identify a person suspected of being an absent parent.
In some cases, the establishment of parentage may be
important with regard to resolution of inheritance claims.
Proving membership in a Native American tribe to share
in gambling revenues is another reason for determining
parentage.

Immigration

The current US immigration quota system gives preference
to relatives of US residents applying for immigrant status.
Genetic testing evidence is considered in establishing the
relationship between a US resident and a person desiring
to immigrate to the United States. Often these cases involve
putative children or parents with incomplete documenta-
tion of their relationship.

Forensic Parentage

The usual use of genetic testing in forensic cases is to
compare results from a suspect with material found at the
crime scene or on a victim. This testing generally involves
determining whether two samples match or do not match.
In contrast, relatedness testing depends on the comparison
of samples from two or more individuals. Determining the
identity of victims in the World Trade Center disaster on

September 11, 2001 and several aviation accidents has
required comparison of the genetic information from
identified remains with samples from one or more of a
victim’s family members. Reconstruction of possible family
relationships has been useful in the identification of
recovered material at grave sites.5 Analysis of products of
conception can be used to determine the paternal 
contribution, which may help identify the perpetrator of a
sexual assault.

Sample Considerations

Samples

Relationship testing can be done using any sample from
which DNA can be extracted or amplified, or both. Most
laboratories routinely use carefully collected buccal swabs.
The advantages of buccal swabs include the ease of collec-
tion from infants, the ability to be collected by individuals
with minimal training, and ease of sample shipping with a
low risk for breakage and and no need for special shipping
containers.3 Additional sample types include whole blood,
cord blood, tissue samples, and dried blood spotted on
filter paper. The use of specially treated filter paper permits
samples to be stored for long periods of time without DNA
degradation. Fetal DNA can be obtained from amniocytes,
chorionic villus samples, and placental scrapings; however,
it is important to rule out maternal contamination (see
chapter 47) when using these samples. The isolation of fetal
cells from maternal peripheral blood samples also has been
reported. Mitochondrial DNA obtained from bones found
at grave sites has been compared to samples from pre-
sumed maternal relatives to identify individuals missing in
action. Proof that the bones found in a mass grave site were
those of Czar Nicholas II and his family was based on com-
parison with the mitochondrial DNA of living maternal
relatives5 (see chapter 44).

Sample Collection

A testing facility must ensure that samples are identifiable
and traceable from the time of collection through testing
and reporting of results.6 Samples need to be inspected and
must meet acceptability criteria at all stages of testing. Col-
lection of the samples must be done by individuals with no
interest in the outcome of the testing, usually an employee
or an agent of the laboratory; however, in some cases 
submitted samples are collected “at home.” Under these cir-
cumstances it is very important to have a second person
witness and verify the collection procedure.

The American Association of Blood Banks (AABB) has
developed very specific requirements for the information
that must accompany samples used for parentage testing,7

including records of the name, alleged relationship, date of
birth, and race or ethnic background of the individuals to
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Figure 45-1. The evolution of testing methods offered by laboratories subscribing to
the College of American Pathologists (CAP) parentage proficiency testing program
between 1993 and 2003. There was a sharp increase in PCR testing with a concomitant
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be tested. Records must include information about the
place, date, and person(s) collecting the sample.At the time
of sample collection, the individual to be tested should be
queried about a history of hematopoietic progenitor cell
transplantation at any time in the past, as well as about
transfusion in the past three months. If only DNA testing
is to be done, it is unlikely that transfused donor DNA will
be detected. In multiply transfused patients, DNA-based
blood group testing is used to determine the phenotype of
the recipient when it is difficult to find compatible donor
blood because of the presence of antibodies. For routine
parentage testing, a photograph taken at the time of sample
collection or a legible copy of a government photo ID, or
both, should accompany the specimen.

Relationship Testing

General Issues

RBC antigens, polymorphic red cell enzymes, serum pro-
teins including Gm and Km, and serologic tests for HLA-A
and HLA-B markers have been very useful systems for
relatedness testing, although their use is declining in favor
of DNA-based identity testing8 (Figure 45-1). The molecu-
lar methods used for testing parentage samples are identi-
cal to the methods for forensic testing described in chapter
44; therefore, this discussion is limited to method-specific
requirements and quality control issues, some of which are
particular to parentage testing. As is true for all molecular
tests, the reliability, reproducibility, and accuracy of the
method should be evaluated prior to implementation. Any
new method or system used by a testing facility should be
validated in several ways, for example, by performing a lit-
erature review, by performing the method in parallel with
existing laboratory methods, by sample exchange with
another laboratory, or by a combination of these.7 In addi-
tion, for amplification-based methods, inclusion of nega-
tive controls to monitor for sample contamination is
important. Regardless of the method used, appropriate
documentation of all sample handling and testing steps is
critical for parentage testing as mandated by the AABB
standards.

RFLP

The interpretation of an RFLP using Southern blot analy-
sis requires identification of DNA fragments for each locus
analyzed for each individual tested. The procedure includes
digestion (restriction) by a specific restriction endonucle-
ase of the DNA isolated from the sample, electrophoretic
separation of the restriction fragments on a membrane,
hybridization with a labeled DNA probe, washing to
remove excess nonspecifically bound probe, and measure-
ment of the resulting labeled DNA fragments. The method
should include evaluation of the completeness of the

restriction enzyme digestion. Documentation in control
populations of the sizes of the variable and constant frag-
ments associated with the DNA locus used for testing is
important. Inclusion of a human control of known geno-
type and a ladder composed of DNA fragments of known
size that span the range of expected sizes for DNA frag-
ments at the locus is required to accurately determine the
allele sizes of tested individuals. In addition for parentage
testing, coelectrophoresis of a mixture of DNA from the
child and parent in question is recommended to determine
if allelic DNA fragments are identical or a closely spaced
mismatch.7 For each RFLP system (locus/enzyme combi-
nation, i.e., D2S44/Hae III or D12S11/Pst I), the laboratory
must determine the limits of resolution for two closely
spaced bands in the same lane. This value, delta, is
expressed as a percentage and establishes the size of the
floating bin (x, the allele size ± delta) used to calculate the
frequency of an allele.7,8 Before reporting, AABB standards
require that RFLP results be interpreted twice, independ-
ently.6 The second interpreter must determine whether
there is a visual match between the tested parties and
whether the reported sizes agree with the sizing fragments
in the DNA ladder and human control.

Short Tandem Repeats

PCR amplification of short tandem repeat (STR) markers
is the method most frequently used for relationship testing.
A variety of commercial kits are available, as described in
chapter 44, that amplify many STR markers, including the
CODIS loci used for felon database files.9 For parentage
testing, unlike for criminal forensics, there is no specific
recommended panel of loci. Although the CODIS loci can
be used, alternative or additional loci, or both, can be
selected at the discretion of each laboratory as long as the
final results achieve or exceed statistical significance (see
“Reporting of Test Results,” below) in almost all cases.

Determination of correct allele sizes in STR amplifi-
cations is of critical importance. A human control of
known genotype, for example, a registered cell line such as
K562, NIST standards, or a well-documented in-house
sample, can be used to evaluate the accuracy and repro-
ducibility of the test system. Allelic ladders consisting of
DNA fragments of the size of commonly encountered
alleles for each locus must be used. Allele assignments can
be made using computer software; however, correct allele
assignment should be validated by visual inspection of
peaks. Procedures such as coelectrophoresis of the ampli-
cons from the child and parent in question or testing of
additional loci, or both, may be necessary to resolve closely
spaced alleles (<1 tandem repeat apart), particularly when
the result may alter the final interpretation. STR pheno-
types may be assigned by a single automated reading 
or duplicate manual readings. Regardless of the reading
method, AABB standards require that PCR results be inter-
preted twice, independently.6
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Nucleotide Sequence Determination

Nucleotide sequence determination can be used for rela-
tionship testing either by a traditional sequencing method
or by a sequence-specific method, such as analysis of HLA
alleles by sequence-specific oligonucleotide probes (SSOP)
or sequence-specific primers (SSP).10,11 Single nucleotide
polymorphism (SNP) analysis also can be applied using a
variety of methods.12 For all methods, inclusion of appro-
priate controls is important. Ideally, DNA sequencing
should include analysis of both forward and reverse
sequences. Comparison of results with a consensus
sequence can be used for validation.7 SSOP determination
of HLA alleles should include a positive control probe 
that is complementary to a conserved sequence present 
in all alleles; likewise, the use of SSP requires that a posi-
tive internal amplification control of a nonpolymorphic
sequence be included with each reaction. While SNP analy-
sis can be highly automated, its use for relationship testing
requires the analysis of a large number of loci to achieve
statistical significance of the interpretations.

Y Chromosome and Mitochondrial DNA Markers

Sex-linked markers are not routinely used for relatedness
testing; however, amplification of the amelogenin locus is
helpful to verify that male and female samples have not
been switched. Mitochondrial DNA, which is maternally
inherited, and Y chromosome markers (Y-STR) are useful
for family and population reconstructions.13 More than ten
Y-STR loci are available and can be helpful in determining
the relatedness of two or more males.

Interpretation of Parentage Results

Overview

Parentage testing seeks to determine whether a particular
relationship exists between a set of individuals. If the
results of the testing provide sufficient evidence that the
purported relationship does not exist, an exclusion is said
to occur. When the results do not exclude a relationship,
the situation is termed an inclusion, and a statistical 
analysis to calculate the probability or odds ratio that the
relationship exists is performed using the testing results.
Several mathematical expressions are generally used to
express the inclusionary results: paternity index (PI),
combined paternity index (CPI), and the probability of
paternity.

Exclusion

Test results from each of multiple independent systems are
compared to establish whether the tested parties are
related or unrelated. Table 45-1 shows examples of test

results for several situations in which the test results indi-
cate that a relationship does not exist. When an allele is
found in a child that is not in the child’s mother, it must
have come from the biological father. Therefore, in a stan-
dard trio paternity case with a mother, father, and child, a
direct exclusion for the system tested occurs when an
alleged father does not have an allele that is found in the
child but is not present in the child’s mother (Table 45-1).
An indirect exclusion occurs when the exclusion is based
on the observation that the child and the alleged father are
homozygous for different alleles (Table 45-1). This type of
exclusion is not conclusive, since it is possible that the child
and alleged father actually share a null gene that is not
detected. Therefore, before an opinion of nonpaternity is
rendered based on an indirect exclusion, a search is made
for additional direct or indirect exclusions. Exclusions in
two independent tests are sufficient to exclude an individ-
ual as the biological father of a child, as long as the chance
of mutation has been considered.

Since mutations can occur, albeit rarely, in many of the
DNA test systems, a single inconsistency in expected inher-
itance is not adequate to reach a conclusion of nonparent-
age, particularly if the inconsistency is only one tandem
repeat size different from the child’s.6 Mutation rates of
commonly used loci are available, as well as statistical
methods for incorporating the information into the
report.7 To avoid misinterpretation, results should be
reported as phenotype rather than as assumed genotype
when a test indicates a single marker at a locus. In the
parentage testing field, the term “phenotype” is used to rep-
resent the measurable genetic markers in a given individ-
ual at a specific locus. Although confusing to those more
familiar with the term “genotype” in this setting, the ter-
minology for parentage testing has its origins in RBC blood
typing in which a person with type A blood is said to have
the A phenotype but could have the AA or AO genotype.
Therefore, to avoid the assumption of homozygosity, test
results are reported as phenotypes, which may or may not

Table 45-1. Examples of Phenotypes That Exclude Parentage

Type of Tested Obligatory 
Exclusion Mother Child Man Allele(s)

Direct A AB C b
AB AC AD c

Two- A A BC a
haplotype AB AB CD a or b

AB A BC a
Unknown AB CD a or b

Indirect* A A B a
AB B A b
Unknown B A b

The obligatory allele is based on the required paternal genetic con-
tribution given the mother’s and the child’s phenotypes. If two
alleles or two groups of linked markers are defined in one indi-
vidual, but neither is present in the second tested person, the exclu-
sion is defined as a “two-haplotype” exclusion.
*Mutation must be considered if indirect exclusion is in a single
system.
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reflect the genotype. While it is less common for a genetic
test result not to match the actual genotype, null alleles and
primer-site polymorphisms have been reported. In addi-
tion to mutation, technical errors, sample mix-ups, and
reagent problems such as primer-binding site differences
can lead to false exclusions. When an individual is
excluded, his or her phenotype must be confirmed by an
independent isolation of the DNA.6

Maternity is presumed when samples are submitted for
testing. However, occasionally a different child is substi-
tuted for the biologic child. When testing is completed on
a trio (mother, child, and alleged father), the results on the
mother and child should first be evaluated to determine
that at each locus there is one common allele. This com-
parison is one of the ways that the laboratory can validate
that the correct samples were tested. On rare occasions,
inconsistencies between a mother and a child are observed.
Usually this is a finding of apparent reverse homozygosity
due to a mutation and is not a maternal exclusion.

Inclusion

The most frequent use of relationship testing is to deter-
mine paternity. Each genetic system used in relationship
testing should be well documented in the literature and
must have been shown to follow Mendelian inheritance.
Ideal genetic systems for relationship testing have multiple
alleles, a low rate of mutation, and fairly uniform frequency
distribution of alleles in the population.8 The power of
exclusion, which can be calculated for each locus based on
the number of alleles in the population and their frequen-
cies, represents the chance that an unrelated individual can
be excluded by the locus. If a system has a few alleles that
are common to most individuals, the chance that two unre-
lated individuals will have the same allele is high. If the
system has multiple alleles, none of which occurs with a
high frequency, then the power of exclusion is larger.

Based on Mendelian genetics, if a child has an allele that
was not inherited from the mother, then it must have come
from that child’s biologic father. If the alleged father has
that allele, then he is included among the group of men
who could be the child’s father. The examination of alleles
at multiple genetic loci is used to statistically reduce the
number of men who could be the biologic father. AABB
standards provide guidelines for the statistical significance
that must be achieved to report the results, as described
below.

Parentage Index

The parentage index (PI) represents how many times more
likely it is that the tested individual is the biologic father of
the child than a randomly selected man. Thus, the PI is an
odds ratio comparing the probability that the child is the
product of the mother and the alleged father to the proba-
bility that the child is the product of the mother and a

random man of the same racial group. At each of the 
multiple loci tested, the chance that the tested individual
passed the obligatory allele is compared to the chance that
the allele could have been contributed by a random indi-
vidual.14 A formula to calculate the PI can be derived using
the laws of probability for each potential combination of
alleles for a mother, child, and alleged father trio at each
locus, based on allele frequencies (Table 45-2). A PI must
be calculated separately for each locus tested.

Since the PI calculations require allele frequencies by
racial group, for each locus the frequency of all the possi-
ble alleles must be determined from the phenotypes of at
least 100 unrelated individuals from the same racial group.
The larger the available database, the smaller the error of
the estimate. The ideal population frequency is one calcu-
lated from testing done by the specific laboratory. These
data should be evaluated by comparison with published
frequencies. When a laboratory has accumulated addi-
tional test data or introduces a new method, new values
should be calculated and compared with existing frequen-
cies. This is helpful in monitoring changes in the labora-
tory. For STR systems with discrete alleles, it is fairly easy
to establish frequency tables that can be validated and
compared with those of other facilities. RFLP markers
occur over a continuum and are influenced by measure-
ment variables. Thus, determining the frequency of each
band requires the use of the delta value for the test system.8

Computer programs and manual calculations must be
periodically reviewed and validated.

Cases may involve individuals from racial or ethnic
groups for which there is only a limited sample from the
testing laboratory. In these cases, published tables may be
used.15 Table 45-3 shows the variation in PI values by racial
group for several STR markers using published allele 
frequencies.

Combined Parentage Index

Assuming each locus tested is inherited independently,
a combined parentage index (CPI) is calculated by 
multiplying the PI values of all the individual loci to obtain

Table 45-2. Phenotype Results and Formulas Used to Calculate
the Parentage Index by Allele Combination

Mother Child Tested Man PI

A or AB A A 1/a
A or AB A AB or AC 0.5/a
B AB A 1/a
B AB AC or AB 0.5/a
AB AB AB or A 1/(a + b)
AB AB AC 0.5/(a + b)
BC AB AB or AD or AC 0.5/a
BC AB A 1/a

A, B, C, and D represent different alleles. A is always used to rep-
resent an obligatory paternal allele; a and b are frequencies of
alleles A and B, respectively, in the same racial group as the tested
man (alleged father).
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a combined odds ratio, as specified by the third law of
probability for completely independent events. AABB 
standards require that multiple independent genetic
systems be tested that will provide a CPI of at least 100,
which indicates that it is 100 times more likely that “this
man,” rather than “some random man,” is the father of
this child.6 Table 45-4 is an example of a case meeting this
requirement.

Residual Paternity Index

The residual paternity index is a calculation that is useful
when there are inconsistencies in inheritance in some
systems. This index is calculated by multiplying the PI for
all systems that fail to exclude. A high residual PI suggests
that the true parent is a relative of the tested individual.
Since a father and son share at least one marker at each
locus, and brothers have more markers in common with
each other than either would with a random man, if the

true father is related to the tested individual, the alleged
father is less likely to be excluded in most systems. An
avuncular index is calculated when it is suspected that the
true father is the brother of the tested man.16 A high resid-
ual PI may occur if the single inconsistency is due to a
mutation or if there has been a laboratory error in testing
or recording results of a single system. If the inconsistency
is considered to be a mutation, the PI for the system can be
calculated using a value for the mutation frequency, if
known.17 In these cases the CPI often exceeds 100 even
though the PI for the system with the mutation is very
small.

Probability of Parentage

If the individual in question is included as the parent by
the genetic testing, this information is combined with the
nongenetic evidence to calculate the probability of parent-
age (W) using Bayes’ theorem:

Table 45-3. Calculation of the PI Using Allele Frequencies for Different Racial Groups

Parentage Index

M Child Man X/Y Caucasian African American Native American

CSF1PO 9, 11 9, 11 11 1/(a + b) 2.98 4.10 3.29
D5S818 10 10, 13 13 1/a 6.46 4.64 10.62
TH01 7, 8 8 8, 9 0.5/a 4.36 2.41 9.23
TPOX 8 8 8 1/a 1.86 2.77 2.63
Combined Parentage Index 156 127 848
Probability of Paternity (%) 99.36 99.22 99.88

X/Y, odds ratio of tested man versus a random man being the father of this child (see Table 45-2); M, mother; a, frequency for the obliga-
tory paternal allele(s) in each population; b, frequency of the child’s maternal allele when the mother and child are heterozygous for the
same two alleles.

Table 45-4. Detailed STR Parentage Test Results for a Caucasian Trio

STR Test Results Calculations

Locus Mother Child Tested Man Frequency of OG(s) Formula X/Y Locus PI

CSF1PO 10, 11 10, 12 10, 12 12 = 0.33 0.5/0.33 1.52
D3S1358 15 15 15 15 = 0.26 1/0.26 3.85
D5S818 10, 11 10, 12 11, 12 12 = 0.35 0.5/0.35 1.43
D7S820 8, 11 8, 11 8, 11 8 = 0.16 1/(0.16 + 0.18) 2.94

11 = 0.18
D8S1179 12, 13 13, 14 14 14 = 0.21 1/0.21 4.76
D21S11 28 28, 30 29, 30 30 = 0.25 0.5/0.25 2
FGA 22, 24 22, 23 23 23 = 0.15 1/0.15 6.67
TH01 9 7, 9 7 7 = 0.22 1/0.22 4.55
vwa31/A 18, 19 18, 19 17, 19 18 = 0.23 0.5/(0.23 + 0.08) 1.61

19 = 0.08
Combined Parentage Index: 11,444
Probability of Paternity: 99.99%

OG(s), obligatory paternal allele(s). Frequency of OG(s) refers to the allele frequency of the given OG allele in the Caucasian population.
X/Y, odds ratio of tested man versus a random man being the father of this child. Formula X/Y can be found in Table 45-2. Locus PI is cal-
culated for each locus, and then the individual locus PIs are multiplied together to obtain the combined Parentage Index (PI). The proba-
bility of paternity is calculated using Bayes’ theorem and a neutral prior probability of 0.5.
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where p is the prior probability of nongenetic events and
CPI is the combined parentage index.18 The nongenetic
information is referred to as the prior probability and
includes information about access at the appropriate time,
fertility, and so on. Since the nongenetic information is
unknown to the testing facility, it is general practice to
assign a neutral value of 0.5 (50%) to perform this calcu-
lation. Alternatively, the probability of parentage can be
calculated with prior probabilities of 0.1, 0.5, and 0.9 to give
a range of probabilities. The number calculated, referred to
as the posterior probability, is expressed as a percentage. If
the CPI is 100, then the probability of parentage is 99%. The
higher the value of the CPI, the closer the probability of
parentage is to 100%. If the genetic evidence indicates that
no relationship exists (multiple exclusions), then the prob-
ability of parentage is reported as zero.

Random Man Not Excluded

Random man not excluded (RMNE) is a calculation that
estimates the fraction of the population that would not be
excluded by a test system based on the phenotypes of the
mother and child.19 The results of the tested man are not
considered in determining this value. The RMNE value for
several systems used as a battery of tests gives a power of
exclusion for a random man that is compared to the
mother-child pair. RMNE adds little or no additional infor-
mation to the PI and is not routinely reported by most
facilities.

Reconstruction Cases

In many circumstances it is possible to estimate the likeli-
hood of a relationship when only some of the persons in
the family are available for testing.

Motherless Cases

If only the man and child are tested, a PI can be calculated
using formulas that compare the chance that the tested
man will transmit the shared allele(s) with the chance that
the allele(s) are from unknown parents20 (Table 45-5).

Fatherless Cases

Formulas are available to calculate the possibility of
parentage when the mother, child in question, and assumed
relatives of the unavailable father are tested.21 A common
situation, shown in Figure 45-2, is to test one or both
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parents of a deceased man (i.e., the presumed grandpar-
ents). If the obligatory paternal allele in the child is not
present in either of the child’s presumed grandparents, the
man is excluded. If it is present, then the PI can be deter-
mined. It is also possible to use tests of other children of
the deceased man with or without testing their mother(s),
his siblings, or other related individuals. In doing these
reconstructions, one assumes that the surrogate individu-
als are biologically related to the father.

Kinship Analysis

Estimation of whether two tested individuals are full sib-
lings, are half-siblings, or have some other relationship 
is possible using appropriate kinship coefficients.4,22

Although full siblings will share one or both alleles by
descent in most systems, 25% of the time they will not
share a common allele. Molecular genetic markers also are
very useful in determination of the zygosity of twins. Table
45-6 shows the testing results for a mother and three chil-
dren. From this data it is possible to determine whether the
children have the same or different fathers and thus are full
or half siblings. For the case shown in Table 45-6, the data
indicate the existence of multiple fathers.

Reporting of Test Results

Many of the reports of relatedness testing may become part
of legal proceedings. In some cases, one of the tested
parties may challenge the results, and thus it is very impor-
tant to have careful documentation of all steps from sample
collection to reporting of results. AABB standards define
the required information for a report of parentage
testing.6,7 The date of collection of each sample, the name
of each person tested, and his or her relationship to the
child should be stated in the report. The phenotype
observed for each individual using standard nomenclature
and the PI for each genetic system tested must be included.
The report must explain whether a relationship can or
cannot be excluded. The racial or ethnic background used
for calculations, the combined parentage index, and the
probability of parentage as a percentage must be stated.
Any unusual findings such as mutations must be explained.

Table 45-5. Phenotype Results and Formulas Used to Calculate
the PI by Allele Combination in Motherless Cases

Child Tested Man PI

A A 1/a
A AB 0.5/a
AB A 0.5/a
AB AB (a + b)/4ab
AB AC 0.25/a

A, B, and C represent different alleles; a and b are frequencies of
alleles A and B, respectively.
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Conclusion

Testing of multiple genetic systems by validated molecular
methods can provide information to resolve questions of
relatedness. Though these tests are powerful tools that can
exclude almost all falsely accused parents, they alone do
not prove absolutely that a relationship exists between two
individuals.
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Chapter 46
Assessment of Chimerism in the Setting of Allogeneic
Hematopoietic Cell Transplantation
Vivianna M. Van Deerlin and Erica Williams

of dynamic change (increasing or decreasing mixed
chimerism over time) is most useful clinically. The 
sensitivity of chimerism analysis is important. The most
commonly used methods have a lower limit of
sensitivity of ~1%; however, alternate methods with much
higher sensitivity are available. Since the significance of
chimerism analysis results may be different depending on
the clinical situation, detection of less than 1% recipient is
frequently referred to as “microchimerism,” a term that
arose from the solid organ transplant field.

Clinical Utility

Hematopoietic Cell Transplantation

Allogeneic HCT was developed as a rescue for bone
marrow function after treatment with high-dose
chemotherapy or total body irradiation aimed at eradica-
tion of malignancy and immunosuppression to permit
donor cell engraftment, or both.6 Hematopoietic rescue
after myeloablation is accomplished using donor stem cells
from bone marrow or granulocyte-colony stimulating
factor (G-CSF) stimulated peripheral blood. The donor can
be either a related individual or an HLA-matched unrelated
donor. A better understanding of the therapeutic mecha-
nism and improved patient outcomes using myeloablative
HCT over the last several decades has led to HCT becom-
ing the treatment modality of choice for a variety of dis-
orders.6 Allogeneic HCT is used traditionally to treat
hematopoietic malignancies such as acute and chronic
leukemias, as well as myelodysplastic syndromes (MDS).
Inherited or acquired nonmalignant diseases, such as tha-
lassemia, severe aplastic anemia, immunodeficiency disor-
ders, and enzyme deficiencies, also are successfully treated
with allogeneic HCT.

The efficacy of HCT for treatment of malignant dis-
orders includes mediation of a therapeutic antitumor 
effect known as graft versus tumor (GVT) effect by the
donor allogeneic immunocompetent cells, which is 
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Introduction

Hematopoietic cell transplantation (HCT) has become a
well-established treatment option for a variety of malig-
nant and nonmalignant diseases. Molecular analysis of
chimerism is used to monitor the levels of donor and 
recipient cells in patients after HCT. The clinical utility 
and interpretation of chimerism analysis depend on the
type of bone marrow transplant used and the underlying
disease. After transplantation, chimerism analysis is used
to confirm engraftment of donor hematopoiesis and iden-
tify and quantify the percentage of recipient cells to guide
patient management aimed at helping to prevent graft
failure or relapse.

Terminology

A chimera is a mythological creature consisting of the head
of a lion, the body of a goat, and the tail of a serpent. In
medicine, a chimera is an individual whose cells derive
from two or more genetically distinct individuals. While
this can occur naturally by fetal-maternal transfer, in the
context of hematopoietic transplantation, chimerism is 
the desired outcome, with the blood genetically of donor
origin. A variety of terms are used to describe posttrans-
plant chimerism (Table 46-1).1–4 “Complete chimerism”
(also referred to as “full chimerism”), or “complete (full)
donor engraftment” indicates that only donor hematopoi-
etic cells are identified. In contrast, when both recipient
and donor cells are present in a cellular compartment, this
is referred to as “mixed chimerism.” Typically peripheral
blood or bone marrow is analyzed for chimerism; the
chimeric status of cellular fractions such as T cells or B cells
is called “subset chimerism.”5 The presence of complete
chimerism (100% donor) in one or more cellular fractions,
and mixed chimerism or 100% recipient origin in another
cellular fraction is often called “split chimerism.” While
detection of mixed chimerism is important, identification
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analogous to graft-versus-host disease (GVHD).6 In fact,
evidence for the GVT or graft-versus-leukemia (GVL)
effect arose from noting that T-cell depletion strategies
used to decrease GVHD, as well as syngeneic (identical
twin) transplants, resulted in a higher relapse rate. Further
evidence for the GVT effect came from observations that
donor lymphocyte infusions (DLIs) can induce a complete
remission after relapse following HCT in patients with
hematologic malignancies, used most successfully in
chronic myelogenous leukemia (CML). The theory is that
infused donor lymphocytes become sensitized to surface
antigens expressed on the leukemic cells, thereby trans-
forming them into cytotoxic lymphocytes targeted against
the host leukemic cells.

Thus, allogeneic HCT destroys malignant cells not only
by the chemoradiotherapy but also by the GVT effect. This
observation led to the development of nonmyeloablative
approaches to allogeneic transplantation, which use less-
intense conditioning regimens, resulting in reduced toxic-
ity.7,8 The lower toxicity of nonmyeloablative transplants
permits use of HCT as a treatment modality in patients
previously deemed ineligible for myeloablative HCT for
reasons of advanced age (>50 years old) or comorbid con-
ditions. The immunosuppression induced by the reduced-
intensity conditioning regimen permits development of a

mixed chimeric state, which may convert to complete
donor chimerism spontaneously or after repeated DLIs.9

Chimerism in Myeloablative HCT

The significance of engraftment and mixed chimerism
depends on the underlying disease and the type of trans-
plant (Table 46-2). Most patients undergoing conventional
myeloablative HCT rapidly achieve complete chimerism,
which is considered to be the goal essential for the success
of the therapy. Subsequently, the detection of small
amounts of mixed chimerism is evidence of either remain-
ing or reappearing recipient cells, which may represent
normal or malignant cells. Relapse is the most common
cause of treatment failure; therefore, it has been of central
interest to have a test that predicts relapse to allow for insti-
tution of preventive treatments, such as DLI or a rapid
taper of immunosuppression. While some studies have
shown that identification of mixed chimerism is associated
with a higher risk of relapse, others have not confirmed this
relationship. Thus, the significance of mixed chimerism in
the setting of myeloablative HCT is controversial.1–4

There are many possible reasons for this controversy,
including the variability and sensitivity of the methods

Table 46-1. Terminology of Posttransplant Chimerism Analysis

Term Definition Significance

Complete or full 100% donor detected Suggests complete hematopoietic engraftment, but very small populations of
chimerism recipient cells may not be detected

Mixed chimerism Both donor and recipient May indicate increased risk of relapse; dynamic change most important 
detected (increasing, decreasing, or stable); for nonmyeloablative transplants, mixed

chimerism is an expected outcome
Subset chimerism Mixed chimerism in a Patterns of T-cell and natural killer (NK)-cell chimerism may be predictive of 

cellular subpopulation, GVHD or graft loss in nonmyeloablative transplant patients
e.g., T cells

Split chimerism Recipient not detectable in Patterns of T-cell and NK-cell chimerism may be predictive of GVHD or graft loss 
all cell lineages in nonmyeloablative transplants

Microchimerism <1% recipient detected Associated with solid organ transplantation; unclear significance in setting of 
HCT

Table 46-2. Comparison of Chimerism Analysis in Myeloablative and Nonmyeloablative HCT Based on Recommendations of the National
Marrow Donor Program and the International Bone Marrow Transplant Registry 2001 Workshop10

Myeloablative Nonmyeloablative

Recommended Source Peripheral blood Peripheral blood and cell lineage subpopulations
of DNA

Expected Chimerism Complete engraftment Mixed chimerism for approximately 6 months; may 
convert to complete chimerism with or without DLIs

Frequency of Analysis 1, 3, 6, and 12 months after HCT; after complete Every 2–4 weeks until DLIs
chimerism, based on change in clinical condition

Significance Mixed chimerism, particularly increasing mixed Early patterns of chimerism may predict either GVHD 
chimerism, may help predict relapse; significance or graft loss
depends on disease and cell lineage of chimerism

Method Tandem repeat loci sensitive for detection of Tandem repeat loci sensitive for detection of both 
recipient allele(s) recipient and donor allele(s)
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used to identify chimerism, the source of sample used for
the analysis, the underlying disease, the age of the patient,
and the timing of the measurements. When very sensitive
molecular methods are employed, detection of mixed
chimerism is common. In fact, transient mixed chimerism
has been well documented, particularly in the first 9
months after transplant.3 Underlying disease is also a
factor. For example, in patients with CML, the reappearance
of recipient cells has been associated with increased risk of
relapse; however, for acute leukemias and myelodysplastic
syndrome, the same association has not been found.
However, it is generally true that identification of increas-
ing levels of mixed chimerism does predict a high risk of
relapse. In these patients, preemptive immunotherapy with
DLI could be instituted.11 The promise of early detection of
relapse by chimerism analysis is tempered by the fact that
the kinetics of relapse is generally very rapid, particularly
with acute leukemias, so the likelihood of detecting clini-
cally unsuspected relapse within the testing interval is
unlikely.

Minimal residual disease (MRD) detection can be per-
formed by amplification of disease-specific markers such as
BCR/ABL transcripts.2 The sensitivity of MRD analysis
(generally between one cell in 1,000 and one cell in
1,000,000) is greater than that of standard methods for
chimerism analysis (~1% to 5%). In addition, MRD detec-
tion with a disease-specific marker detects only the malig-
nant cells, while chimerism analysis detects all recipient
cells without distinguishing between malignant and normal
host cells. However, when a disease-specific marker is not
available, chimerism analysis can serve as a surrogate test
for disease. This is especially true in light of newer, more
sensitive methods of detection of microchimerism, which
use more sensitive markers (such as targets on the Y chro-
mosome) or target specific cell populations, which increases
the sensitivity significantly over unsorted peripheral blood.
For example, mixed chimerism in CD34-positive cells from
peripheral blood appears to be predictive of relapse in
patients with various leukemias and appears to correlate
with the results of reverse transcription–polymerase chain
reaction (RT-PCR) for the BCR/ABL fusion messenger RNA
(mRNA) in CML patients.4,11 The drawback of this approach
is that it is limited to the adult population because of the
amount of blood required for the CD34 enrichment, and is
costly to perform on a regular basis. When available, testing
using a disease-specific marker is the method of choice for
MRD detection; in all other cases, chimerism analysis is an
appropriate alternative.

As research continues in the area of engraftment analy-
sis, the best choice of strategy for its clinical application is
often under debate and varies among clinicians. To develop
consistent criteria for the use and interpretation of
chimerism analysis, the National Marrow Donor Program
and International Bone Marrow Transplant Registry
(NMDP/IBMTR) sponsored a workshop in 2001 to estab-
lish a rational and consistent approach to the measurement
of chimerism (Table 46-2).10 For myeloablative HCT, analy-

sis of chimerism can be used to document engraftment on
a schedule of 1, 3, 6, and 12 months after transplant. Once
complete chimerism is established, repeat testing should 
be used to investigate changes in clinical condition, for
example, to distinguish relapse from other causes of clini-
cal decline such as viral infection.

Chimerism in Nonmyeloablative HCT

In contrast to conventional myeloablative transplants,
chimerism is the initial expected outcome of nonmyeloab-
lative or reduced-intensity conditioning HCT. A mixed
chimeric state is frequently present for the first 6 months
after nonmyeloablative HCT.12 The use of DLI for conver-
sion from mixed chimerism to complete donor chimerism
is guided by the determination of the chimeric status of the
patient.6 Therefore, chimerism analysis plays a critical role
in the management of the nonmyeloablative HCT patient.
Chimerism analysis can be performed on unfractionated
peripheral blood or bone marrow; however, subset
chimerism analysis of specific cellular lineages, such as 
T cells, appear to be the most useful.5,13

Many studies have examined the prognostic value of the
level of mixed chimerism in different cellular subsets for
early prediction of graft failure.14 Different cell subpopula-
tions engraft at different rates, with myeloid engraftment
usually occurring prior to T-cell engraftment.12 The kinet-
ics of T-cell engraftment vary depending on the underly-
ing disease, conditioning regimen, and graft source;
however, high donor T-cell and natural killer (NK)-cell
chimerism appears to be critical for successful engraft-
ment, which in turn is strongly associated with sustained
antitumor response.13 In contrast, low donor T-cell and
NK-cell chimerism (below 20% to 50%) has been associ-
ated with an increased risk of graft rejection. Rapidly
increasing T-cell donor chimerism by 28 to 30 days after
transplant appears to be associated with an increased risk
and severity of acute GVHD. Determination of myeloid-
specific chimerism is important in patients with malig-
nancies of myeloid origin. Since bone marrow is composed 
predominantly of myeloid precursors, chimerism analy-
sis of bone marrow is most representative of myeloid 
lineage chimerism but correlates poorly with T-cell
chimerism.

Frequent monitoring of mixed chimerism early after
nonmyeloablative HCT is clinically useful since early pat-
terns of chimerism may be predictive for GVHD (rapidly
increasing T-cell chimerism) or graft loss (decreasing T-
cell chimerism to ≤20% donor). The recommendations of
the NMDP/IBMTR workshop for nonmyeloablative HCT
are analysis of chimerism every 2 to 4 weeks using periph-
eral blood, preferably including lineage-specific testing,
until therapeutic DLI treatment is instituted (Table 46-2).10

DLI is indicated for declining chimerism, stable mixed
chimerism for more than 2 weeks, or persistent or 
progressive disease. In patients with GVHD or complete
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chimerism, analysis is recommended every 3 to 6 
months.

HCT for Nonmalignant Disease

Allogeneic HCT is a potentially curative treatment for
some nonmalignant diseases, such as enzyme deficiencies,
hemoglobinopathies, and aplastic anemia. In these cases,
the aim of HCT is to correct the cellular defect, for example,
to improve hematopoietic function or normalize the
enzyme deficiency. Since replacement of the bone marrow
is not necessary to correct the defect, the less-toxic non-
myeloablative approaches are being applied. In addition, a
stable mixed chimeric outcome may be sufficient to achieve
significant clinical improvement of the defect.1 The per-
centage of donor chimerism required to correct the defect
is disease dependent.10

Graft rejection is the most common cause of treatment
failure and may be heralded by detection of decreasing
donor cells. Therefore, monitoring of mixed chimerism
after HCT for some nonmalignant disorders is recom-
mended at 1, 2, and 3 months after transplant.10 Ongoing
monthly follow-up is warranted if the percentage of donor
chimerism is noted to be declining.

Methods

The assessment of chimerism is based on the ability to dis-
tinguish donor cells from recipient cells. The methods used
for chimerism analysis have historically paralleled the tech-
nologies and advancements for identity testing in forensics,
which are described in chapter 44. Many methods have been
applied for chimerism analysis, including red blood cell
phenotyping, HLA typing, genomic DNA restriction frag-
ment length polymorphism (RFLP) analysis, and classical
cytogenetics. These methods have been largely superseded

by fluorescence in situ hybridization (FISH) and PCR-based
methods, which are more informative, more sensitive, more
robust, and faster to perform (Table 46-3).

Fluorescence In Situ Hybridization 

FISH analysis for the X and Y chromosomes (XY-FISH) can
be used for chimerism analysis by hybridization of inter-
phase preparations with two differentially labeled probes
for sequences on the X and Y chromosomes, respectively.4

Classic karyotyping methods could be used for detection
of X and Y chromosomes but would be labor-intensive,
slow, and limited by the number of cells analyzed. For
example, to attain a sensitivity of 1%, more than 300 cells
would need to be evaluated, which is not feasible. FISH
allows the rapid screening of a large number of cells. The
method can yield quantitative results by rapidly counting
between 500 and 1000 cells. A sensitivity of approximately
0.1% to 0.5% can be achieved. Standardization of XY-FISH
has made it suitable for clinical use.14 However, the 
major limitation of XY-FISH is the applicability only for
sex-mismatched transplants.

Tandem Repeats

Tandem repeats are a class of polymorphism consisting of
a variable number of tandemly repeated core sequences.15

Tandem repeats are classified according to the number of
nucleotides in each core sequence. Minisatellites have core
sequences of approximately 8 to 80 base pairs (bp) and 
are also known as variable numbers of tandem repeats
(VNTR). In contrast, microsatellites, also known as short
tandem repeat (STR) loci, have core sequences with 2 to 
7 bp.16 Allelic variation at each VNTR and STR locus arises
from the number of core repeats present. STR alleles have

Table 46-3. Comparison of Methods of Chimerism Analysis

Method Sensitivity Advantages Disadvantages

Karyotyping 5–10% Monitors chromosomal abnormalities Requires dividing cells; low sensitivity; high 
as well false-positive rate

RFLP 5–10% Highly informative Requires Southern blot analysis; alleles not distinct
Red blood cell 0.04–3% Simple Not very informative; can be affected by transfusion;

phenotyping not useful for rapidly proliferating diseases
Short tandem 1–5% Highly informative; quantitative Only moderate sensitivity; multiplex amplification 

repeat PCR may decrease sensitivity
FISH for X and 0.1–0.5% Sensitive; feasible to screen large Only for sex-mismatched transplants

Y chromosomes numbers of cells for quantitative 
result

Single nucleotide 0.01–1% Highly sensitive; quantitative Less quantitative with higher chimerism; need to 
polymorphism (SNP) evaluate many SNPs to find informative SNP

Y-chromosome PCR 0.001–0.1% Sensitive; highly informative in Only for sex-mismatched transplants with male 
sex-mismatched transplants recipient and female donor

Cell sorting + STR-PCR 0.0001–0.1% Informative; sensitive; cell lineage Requires large volume of blood; technically 
information important demanding

RFLP, restriction fragment length polymorphisms; STR-PCR, short tandem repeat PCR; XY-FISH, X and Y chromosome fluorescence in
situ hybridization.
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between 3 and 40 tandem core repeats; each STR locus typ-
ically has 10 to 20 different allelic variants. Variant alleles
with imperfect repeats also occur.16

STR loci and some VNTR loci are amenable to PCR
amplification using primers that flank the repeating
sequence. After amplification, the number of repeats is cal-
culated from the size of the PCR product, or, more simply,
the products are compared to an “allelic ladder”
constructed to contain the majority of known alleles in the
human population of a particular locus.16 PCR amplifi-
cation of tetranucleotide STR loci (4 bp in each core repeat)
has become the predominant method for DNA-based
human identification. Comprehensive information about
STR loci and their application in human identification is
available from a Web site sponsored by the National Insti-
tute of Standards and Technology (http://www.cstl.nist.
gov/div831/strbase).

Amplification of STR loci has become the most frequently
applied technology for the study of engraftment and mixed
chimerism after allogeneic HCT for several reasons.17 By
examining multiple STR loci, which is made easier by mul-
tiplex PCR, it is possible to find at least one STR locus for
each donor-recipient pair that can be used to distinguish the
donor from the recipient; thus, STR-PCR is essentially uni-
versally informative. In addition, STR-PCR can be used to
quantitatively discriminate mixtures of DNA based on rela-
tive amplification of alleles. The sensitivity of STR-PCR for
chimerism analysis is approximately 1% to 5%. STR alleles
are relatively similar in size due to the small repeat unit; thus,
compared with VNTR alleles, which have larger differences,
STR-PCR is theoretically better for quantification because
preferential amplification of smaller alleles is less likely to
occur. The advent of capillary electrophoresis and auto-
mated fluorescent detection has made the analysis of PCR
products technically straightforward, and the availability of
commercial reagents for STR-PCR simplifies assay 
development.

Y Chromosome Analysis

Amplification of Y chromosome–specific sequences can be
used for assessment of chimerism in sex-mismatched HCT
involving a male patient and a female donor, which repre-
sents approximately 25% of all HCT cases. Because the 
targeted sequences are present only on the Y chromosome,
the method is very sensitive. Sensitivities as high as 1 male 
in 100,000 female cells (<0.001%) have been reported,
although the clinical relevance of chimerism detection at
such high levels of sensitivity is not entirely clear.18,19 Use
of quantitative real-time PCR has the advantage of being
not only sensitive but also quantitative for very low levels
of mixed chimerism, useful for detecting an increasing or
decreasing signal over time. Amplification of the amelo-
genin gene, which is present on both the X and Y chromo-
somes, but is 6 bp longer on the Y chromosome, is used for
sex typing in forensic analysis and also has utility for
chimerism analysis.16 The major disadvantage of all Y chro-

mosome PCR methods is the limited application only to a
subset of sex-mismatched transplants.

Single Nucleotide Polymorphisms

Single nucleotide polymorphisms (SNPs) are biallelic vari-
ants at a single nucleotide position. SNPs occur on average
every 1.3 kilobases (kb) in the human genome. Since SNPs
are sequence polymorphisms rather than length polymor-
phisms, their utility for chimerism analysis is based on the
frequency of heterozygosity in the particular population
under study. With only three potential genotypes for each
SNP locus (AA, AB, BB), the chance of distinguishing two
individuals is much lower than for STR loci, which have 10
to 20 alleles per locus. Consequently multiple SNPs must be
analyzed to successfully distinguish all donors and recipi-
ents. One investigator statistically calculated the number of
SNPs required to identify an informative locus in 96.5% of
cases to be 25 SNPs.20 In one study using a panel of 51 SNPs,
an informative locus was found in 100% of cases; however,
this study used a microarray-based minisequencing system
to enable high throughput testing.21 While the number of
loci necessary is a disadvantage, an advantage of SNP detec-
tion over tandem repeat amplification is that SNPs are less
susceptible to preferential amplification of alleles based on
length, and stutter peaks (described later) are not a concern.

While there are many methods for analysis of SNPs, real-
time PCR technology is commonly used for SNP-based
chimerism analysis.22 The real-time PCR analysis permits
sensitive detection of mixed chimerism, reported to be
approximately 0.1%. Although real-time PCR is quantita-
tive, the coefficient of variation (CV) at chimerism levels
above 5% is as high as 30% to 50%, compared with a CV of
about 5% for STR-PCR methods.4 Thus, while SNP real-
time PCR is more sensitive and quantitative, particularly at
low levels of mixed chimerism, the variability of the quan-
titation when the level of recipient is above 5% does not
permit accurate determination of dynamic change in
mixed chimerism levels. Real-time SNP analysis of mixed
chimerism is a promising method; however, more studies
are needed to determine its utility for HCT chimerism
analysis.

Laboratory and Testing Issues

PCR amplification of STR loci is currently the most com-
monly accepted and most widely used method for assess-
ment of mixed chimerism after HCT.10,23 Therefore, the
remainder of this chapter details the use and interpretation
of STR-PCR for analysis of mixed chimerism in a clinical
laboratory.

STR Amplification Reagents

Chimerism analysis requires the identification of at least
one informative STR locus that distinguishes recipient
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from donor cells prior to transplant, which is used to
monitor recipient cells, donor cells, or both in the recipient
after transplant. A variety of commercial reagents are 
available for amplification of STR loci. The majority 
of commercially available STR amplification reagents 
are designed for forensic analysis in which a maximum
amount of information is desired from frequently limited
samples.16 Multiplex PCR, in which multiple loci are
amplified simultaneously by including more than one set
of PCR primers in the reaction, is ideal for this purpose.
The PCR product sets from the multiplexed reactions are
distinguished by the expected size range of the products
(designed to be nonoverlapping) and by the use of differ-
ent fluorophores, allowing amplification of loci with over-
lapping product sizes. High-order multiplex primer sets
have been designed that amplify 8 to 16 STR loci. The two
major suppliers of STR primer sets are Promega Corpora-
tion (Madison, WI) and Applied Biosystems (ABI, Foster
City, CA), each with a variety of multiplex combinations,
some designed for detection with specific methods or
instruments. Beckman Coulter Inc (Fullerton, CA) has
developed the first 12-locus STR multiplex primer analyte-
specific reagent (ASR) specifically designed for chimerism
analysis in the clinical laboratory on its capillary elec-
trophoresis instrument. Issues relating to selection and use
of the appropriate reagents for chimerism analysis are dis-
cussed in the context of pretransplant analysis.

Detection Methods

Amplified STR products can be detected in numerous
ways, as described for forensic analysis in chapter 44. Sep-
aration by sequencing gel electrophoresis with fluorescent
or silver stain detection, either after standard elec-
trophoresis or with an automated instrument, is acceptable
but slow and labor-intensive. In the absence of an auto-
mated fluorescence detection gel electrophoresis instru-
ment, postelectrophoresis detection of fluorescently
labeled DNA fragments can be performed with a flatbed
scanner. By far the most popular method for analysis of
STR amplification products is fluorescent detection by cap-
illary electrophoresis (CE), which has the advantage that a
gel does not need to be poured and analysis of samples is
rapid.16 CE can be performed with a single capillary
instrument or with a multicapillary instrument such as the
ABI 3130, which has 16 parallel capillaries, or the Beckman
Coulter Vidiera NsD, which has 8 parallel capillaries. The
advantage of multiple parallel capillary systems is that
analysis can be performed more rapidly than with a single
capillary instrument. Capillary arrays with 96 or more cap-
illaries are available; however, their instrument and reagent
costs are greater, and thus they are cost-effective only for
very high volume testing.

In the CE instruments, DNA fragments migrate through
the liquid polymer or linear polyacrylamide within a thin
capillary with applied voltage. The fluorescently labeled
products are excited by laser-induced fluorescence when

the fragments pass the optical reading window and are
detected by the wavelength of the emission. Instruments
that can detect multiple fluorophores permit not only mul-
tiplex amplification of loci resulting in PCR products of
overlapping in size, but also inclusion of a size marker for
accurate sizing of the fragments. Of note, it is important to
use fluorophores that are detectable by the instrument
being used. For example, the fluorophores used in the
Promega Corporation and Applied Biosystems STR
amplification reagents are not detected by the Beckman
Coulter instrument.

Pretransplant Testing

Sample

The goal of pretransplant analysis is to identify one or more
informative loci that will be used to monitor chimerism
after HCT. This involves determining the STR alleles of the
recipient and the donor at each STR locus used by the lab-
oratory. Usually peripheral blood samples from the donor
and recipient are used to extract DNA for pretransplant
analysis. Analysis of a second sample from the recipient,
such as buccal cells, controls for switching of the donor and
recipient samples in the preanalytic stage. Confirmation of
the same allele pattern from the recipient blood and buccal
cells ensures that the identity of the samples is correct.

On occasion, a recipient is transplanted prior to the STR
evaluation of a pretransplant sample. In this case, a 
posttransplant blood sample will not be useful for
identification of the recipient’s genotype. Alternatively,
buccal cells, skin biopsy, paraffin-embedded tissue
samples, hair follicles, urinary sediment, or a stored blood
smear slide from before the HCT can be used. While these
tissue samples will be of mostly recipient genetic origin,
any sample obtained after transplant may contain some
hematopoietic cells within the sample, thereby generating
a mixed chimeric pattern. If the recipient DNA predomi-
nates, the recipient alleles can be deduced if the donor
alleles are known.

Identification of an Informative Locus

To identify an informative locus for each recipient-donor
pair usually many loci must be examined. This is particu-
larly true when the individuals are related and thus may
share many alleles. Multiplex amplification increases the
speed and decreases the labor associated with the analysis
of multiple loci. Of the loci found to be informative, not all
will be appropriate for chimerism analysis. This is because
the goal is not to differentiate the individuals as in foren-
sic identity testing but to detect small amounts of recipi-
ent or donor alleles in a mixed specimen.24

The main factor limiting the utility of some informative
alleles is the presence of a stutter peak one repeat smaller
(n − 1) and, to a much lesser extent, one repeat larger 
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(n + 1) than each allele peak. When tandem repeats are
amplified, stutter peaks are thought to result from slippage
of the polymerase, causing mispairing of the template,
which is shifted by one repeat unit, resulting in an addi-
tional PCR product predominantly one repeat smaller than
the expected PCR product. The intensity of this n − 1 peak
is usually approximately 2% to 10% of the area of the cor-
responding STR allele. The amount of stutter is influenced
by the locus (some loci tend to have more stutter than
others), the core repeat unit length (loci with shorter core
repeat size having greater stutter), and the allele size (larger
repeat alleles have slightly more stutter than smaller
ones).16

For chimerism analysis, optimal informative loci have a
recipient-specific allele that does not colocalize with a
donor allele or stutter peak (Figure 46-1).25 Ideally, the
recipient-specific allele should be at least two repeats larger 
or smaller than the donor allele(s).23 Having two unique 
recipient alleles that meet these criteria is preferable to
having only one recipient-specific allele for the purpose of
confirmation that a recipient allele peak is present, which is
usually only of concern when the recipient signal is low. In 
addition, due to the theoretical possibility for preferential
amplification of shorter fragments, the sensitivity for detec-
tion of a minor recipient-cell population may be greater if
the informative recipient allele(s) have fewer repeats than
any donor allele.23 On the other hand, a disadvantage of
selecting a recipient-specific allele smaller than the donor
allele(s) is that this downstream region tends to have more
background peaks. Because of the endless combinations of
alleles between recipients and donors, each HCT pair pres-
ents a unique situation, and each must be evaluated on a
case-by-case basis. These are only guidelines for the selec-
tion of informative loci; how useful a particular locus will
be is ultimately determined empirically by use in the post-
transplant setting. In some instances, no optimal locus can
be identified. In this case, posttransplant analysis still can
be performed with the caveat that the sensitivity of detec-
tion will be decreased because of colocalization of the recip-
ient-specific allele with a stutter or other background peak.

Another factor considered when selecting an informative
locus is whether there are both specific recipient and
specific donor alleles (Figure 46-1). While this is not essen-
tial for myeloablative HCT, for which the combined donor
and recipient allele pattern must be optimized to enhance
detection of a small percentage of recipient in a donor back-
ground, it is very important for nonmyeloablative HCT,
since any level of mixed chimerism (low donor or low recip-
ient) may be seen. If no such locus can be found, then at
least two loci should be selected, one optimized for detec-
tion of recipient allele(s) and the other for donor allele(s).
As the level of mixed chimerism in the patient changes from
low to high donor chimerism, the informative locus may
need to be changed to optimize sensitivity (Figure 46-2).

Posttransplant Testing

Approaches to Posttransplant Amplification

Peripheral blood, bone marrow, or lineage-specific cell
populations from the recipient after transplant can be 
analyzed for mixed chimerism or to confirm engraftment.
Whereas it is ideal to use a high-order multiplex PCR assay
for pretransplant identification of an informative locus, the
multiplex assays have reduced sensitivity for detection of
low levels of chimerism in the posttransplant setting.17 The
reduced sensitivity of multiplex PCR is due to competition
for reagents, leading to overall decreased synthesis of each
PCR product type compared to an individual PCR. Thus, a
minor template, for example, DNA from recipient present
at 1%, may not be sufficiently amplified to be detectable
above the background signal at some loci. The use of
more DNA in the reaction may overcome this, but high
amplification background with nonspecific peaks can
occur if too much DNA is used. From the laboratory per-
spective, using a highly multiplexed reaction simplifies the
set-up and performance of the assay since the same
reagents and controls are used for all recipient-donor pairs.
The cost of using high-order multiplex primer sets for
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Figure 46-1. Identification of informative loci using STR-PCR and CE
analysis. The STR alleles at four loci (GammaSTR, Promega Corporation)
are compared for a recipient-donor pair to identify the best informative
locus. The number of repeats in each allele is determined by comparison
to the allelic ladder for which the sizes are indicated. While all 4 loci are
informative for distinguishing the recipient from the donor, the D16S539
locus is best because the recipient-specific allele (marked with vertical
arrows) is separated from the nearest donor allele by at least two repeats.
In contrast, for the D5S818 and D13S317 loci, the recipient-specific allele
would colocalize with a donor stutter peak, the location of which is indi-
cated by the diagonal arrow. The D7S820 recipient-specific allele is accept-
able, but, if present, an upper (n + 1) stutter from one of the donor alleles
may interfere with its detection. The allele combination at the D16S539
locus also has the advantage that both donor- and recipient-specific peaks
are present.
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posttransplant analysis is a drawback, particularly if only
one or a few loci are informative, resulting in a high ratio
of cost to information.

One approach is to use one or more multiplex STR
reagents for the pretransplant analysis to genotype many
loci and then use a multiplex primer set with a maximum
of 4 multiplexed loci that contains the best informative
locus or loci for the posttransplant analysis (Figure 46-1).17

All things being equal, a primer set containing more than
one optimal informative locus is preferable. The advantage
of this approach is maintaining sensitivity because fewer
loci are being simultaneously amplified, while simplifying
the assay technically for the laboratory staff by minimizing
the number of different primer sets stocked and utilized
when the assay is performed. For example, if 12 loci are
analyzed for selection of informative loci before transplant,
all posttransplant samples could be accommodated with
three quadriplex primer sets. This method has the added
benefit of limiting the reagent cost of the posttransplant
analysis.

Optimizing Sensitivity

Irrespective of the primer set used, the sensitivity of
chimerism analysis can be optimized. As mentioned
earlier, the amount of DNA is important for sensitivity
because it directly reflects the number of cells being ana-
lyzed. Since most commercial STR reagents are designed
for forensic analysis of limited samples, the amount of
input DNA indicated in the forensic protocols may be less
than optimal for chimerism analysis. Each laboratory
should determine the maximum amount of DNA that can
be used with its chosen reagents without increasing the
nonspecific background. The injection time for CE instru-
ments, which is the time of applied voltage during which
sample migrates into the capillary and is essentially equiv-
alent to the amount of product loaded on a gel, also must
be optimized. Appropriate injection times are specific to
each instrument. Since there is variability of amplifica-
tion from sample to sample, each sample can be analyzed
in duplicate, using two different injection times to ensure
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Figure 46-2. Different STR loci may be optimal depending on the level of recipient.
Early after a nonmyeloablative transplant, the percentage of recipient DNA may be high
and the percentage of donor DNA low. Accordingly, the locus used for assessment of
chimerism must be optimized to detect low levels of donor (a). Conversely, as the per-
centage of donor DNA increases, the locus must be optimized for detection of low levels
of recipient (b). The analysis results for two loci (CSF1PO and TH01) at two posttrans-
plant (post-tx) time points (a and b) for a recipient-donor pair are shown. For each analy-
sis, the donor and pretransplant (pre-tx) alleles are shown, as well as the post-tx sample

showing mixed chimerism. For this recipient-donor pair, when the percentage of donor
DNA is low (a), the CSF1PO locus is not sensitive for detection of donor. The TH01 locus,
which has a donor-specific allele can be used. Similarly, when the percentage of donor
DNA is increased (b), the situation is reversed. The CSF1PO locus is optimal for detection
of lower amounts of recipient, and the TH01 locus is not useful because the post-
tx peaks cannot be distinguished from the donor pattern. The normal variation in ampli-
fication of the two donor alleles is greater than the percentage of recipient DNA 
present.
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that at least one of the injections is within the linear 
detection range of the instrument, allowing for accurate
quantification (Figure 46-3a and b). In some cases, longer
injection times may allow detection of very small percent-
ages of recipient, even though the predominant donor
alleles are not within the linear range for quantification.
The “overloaded” donor allele peak areas would be under-

representative of the actual amount of donor PCR product
in the sample. Such “overloaded” peaks are distinguishable
because they generally have flat, blunted tops rather than a
sharp peak (Figure 46-3c and d).

A laboratory can estimate the sensitivity of its assay using
artificial mixtures of two DNA samples. Reported sensitiv-
ities of chimerism analysis from different laboratories
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Figure 46-3. Optimizing sensitivity of STR-PCR with CE analysis. The posttransplant
(post-tx) analysis of a recipient-donor pair at the D7S820 locus is shown at two injection
times (9 and 22 seconds) on an ABI3100 CE instrument (a). The donor and recipient pre-
transplant alleles are shown. Because the recipient-specific peaks are small (arrows), the
y-axis is expanded (zoomed-in view) to examine the baseline in greater detail (b). The
zoomed-in view shows the presence of recipient-specific alleles in the 22-second injec-
tion, but they are not clearly visible in the 9-second injection. To evaluate the post-tx
sample, a comparison must be made to the donor baseline at the same y-axis scale. Sim-

ilarly, increasing the injection time may lead to overloading of the sample, which com-
promises quantification (large overloaded peak areas are underestimated) but may
increase the sensitivity for detection of recipient alleles. The full-scale view (c) shows an
overloaded peak with a blunted tip (circled) at the TH01 locus. The zoomed-in view
shows detection of a recipient-specific peak (shaded) only for the post-tx sample with a
blunted peak. A percent recipient can be calculated; however, it will be an overestimate
of the percent recipient because the donor allele area is underestimated. Therefore, this
result can be reported as less than 1%.
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range from <1% to 10%. This variability may be explained
not only by differences in methodology (number of loci
coamplified, input DNA, detection method) but also by 
differences in sensitivity for each recipient-donor pair
based on each locus and its constellation of alleles.25

Interpretation of Results

Capillary electrophoresis results from posttransplant STR
analysis are analyzed to determine whether recipient-
specific allele(s) are present, and if they are present, the
percentage of recipient is calculated. Absence of recipient-
specific alleles is consistent with complete engraftment at
the sensitivity of the assay. Dynamic comparisons should
be made only across the same type of sample, for example,
peripheral blood, bone marrow, or cell lineage.

Analysis of Loci

If many loci are amplified, all optimally informative loci can
be analyzed and reported individually or as an average value.
Analysis of more than one locus provides independent
confirmation of the presence and amount of recipient. In
addition, if a chromosomal aberration occurs, resulting in
loss of one allele, the analysis of several loci could easily
detect this situation and prevent an interpretive error. Alter-
natively, a single optimal locus can be analyzed and
reported. Analyzing and reporting results from only a single
locus for each HCT patient provides a standardized, consis-
tent, and simple approach for analysis and reporting of
results.

Standard recommendations for analysis of chimerism
do not exist. However, a survey of clinical laboratories 
performing chimerism analysis by the Association for Mol-
ecular Pathology (AMP) found that posttransplant speci-
mens were analyzed at an average number of ten loci, with
a range from 4 to 16 loci (S. Schichman, personal commu-
nication, 2005). The number of loci used to report results
was variable, with some laboratories reporting a single or
a few loci, but many reporting the results of all the inform-
ative loci.

Quantitative Analysis

If both donor- and recipient-specific allele(s) are clearly
identified in the posttransplant sample, then the percentage
of recipient and donor DNA in the sample can be calcu-
lated.17,25 For each allele peak, the intensity of the fluorescent
signal, indicated by the peak area, is proportional to the
amount of PCR product.The percentage of recipient-specific
DNA can be calculated as the quotient of the recipient-
specific peak area(s) to the sum of the recipient- and donor-
specific peak areas, as shown in Figure 46-4a and b. If the
donor and recipient are both heterozygous and do not share

any alleles, then the peak areas of both recipient alleles are
added together for the numerator and the areas of all four
peaks (donor and recipient) are added for the denominator
(Figure 46-4b).When the recipient and donor share an allele,
the percent recipient is calculated based only on the unique
alleles; the peak area of the shared allele does not enter into
the calculation because it stays constant; that is, 100% of the
cells in the sample (donor and recipient) will have the shared
allele (Figure 46-4c). When the donor is homozygous for 
an allele and the recipient is heterozygous for the same
donor allele and a second unique allele, as shown in Figure
46-4d, the recipient area of the shared allele can be estimated
by the area of the unique recipient allele. Thus, the percent
recipient is calculated as two times the unique recipient
allele peak area divided by the sum of all peak areas (Figure
46-4d). In all cases, the fraction is converted to a percentage
by multiplying by 100, and the percent donor is calculated
as 100 minus the percent recipient.

If recipient-specific allele peak(s) are not visible initially,
then it is critical to closely examine the baseline in the
region of the expected recipient-specific alleles to identify
small recipient peak(s) for each informative locus being
analyzed. Depending on the analysis software being used,
this can be done by changing the scale of the y-axis to
“zoom in” on the baseline (Figures 46-3 and 46-5). It is
useful to compare the posttransplant sample baseline at the
location of the recipient alleles to the corresponding base-
line of a pure donor sample (pretransplant donor DNA). By
this comparison, any peaks that are present in the donor
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background in the location of a recipient-specific allele will
not be mistaken for a recipient signal. In cases of graft loss,
it is useful to compare the posttransplant sample baseline
at the location of the donor alleles to the corresponding
baseline of a pure recipient sample (pretransplant recipi-
ent DNA) to effectively distinguish low levels of donor-
from nonspecific background signals in the recipient.

Some investigators advocate the use of a patient-specific
standard curve for each locus created by making serial dilu-
tions of pretransplant recipient DNA in donor DNA to aid
in the quantification.23 The associated cost and time required
are prohibitive for most clinical laboratories. In addition, it
is more important to obtain a reproducible result that can 
be used to assess dynamic change over time than to deter-
mine an absolute quantitative value. Artificial chimerism
mixing studies looking at the accuracy of quantification of
the same samples using different loci indicate that each locus
yields slightly different quantitative results but that the
results within each locus are reproducible.17 Since dynamic
change of mixed chimerism may be more important than
any single quantitative value, it is more important to be con-
sistent in the analysis, that is, always using the same single
or set of loci, such that serial results can be compared, than
it is to produce a standard curve. In general, the repro-
ducibility of chimerism results is good, with low standard
deviations and interassay CV generally less than 5%,
although a higher CV of 10% to 15% has been noted for low
levels of chimerism (less than 10% donor or recipient).23

Potential Pitfalls

When a Stutter Peak Cannot Be Avoided
If the only informative locus is one in which the recipient
allele colocalizes with a donor stutter peak, then the sensi-
tivity for detection of recipient will be decreased (Figure 46-
5). This does not occur often but is more common for HCT
between related individuals. Comparison of the posttrans-
plant recipient peak to the stutter peak in the pretransplant
donor sample is useful to determine whether the recipient
signal is real. A calculation can be made for the donor
stutter peak from the pretransplant donor sample analysis
(using the same formula that would be used for the recipi-
ent if the stutter were not present), and this value can be
subtracted from the value of the posttransplant recipient or
stutter peak. Differences of less than 1% are consistent with
absence of mixed chimerism, but it is important to note in
the report that the sensitivity for detection of recipient DNA
is decreased. Differences greater than 10% clearly indicate
presence of recipient DNA, because the contribution of
recipient PCR product will be incremental and thereby
additive to the stutter peak area. Differences between 1%
and 10% must be assessed on a case-by-case basis because
there is normal variation of <1% to 5% in the stutter peak
as a percentage of donor, depending on the allele size and
locus.16 To be clearly present, the recipient contribution
must be greater than the standard deviation of the stutter
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Figure 46-5. Stutter peaks from STR-PCR with CE
analysis. This figure depicts the analysis of a post-
transplant (post-tx) sample with a low level of
mixed chimerism at two loci, as indicated using
the GammaSTR multiplex primer set (Promega
Corporation). Full-scale and zoomed-in views of
the baseline are shown for each locus. (a) The
D13S317 locus has two recipient-specific alleles,
one of which is unique (8 repeats, blue) and one
of which colocalizes with a donor stutter peak (11
repeats). In the posttransplant sample the recipi-
ent-specific allele (blue) is clearly seen in compar-
ison to the donor baseline. The second allele is
hidden within the area of the stutter (S + 11,
dashed oval), and using the area of the stutter
peak would overestimate the percent recipient.
Instead, the peak area of the unique allele can be
used as an estimate of the second recipient allele,
as shown in the calculation formula. (b) The
D5S818 locus was analyzed simultaneously with
the D13S317 locus and has a single recipient-spe-
cific allele that colocalizes with a stutter peak (S +
11). The percentage of allele 11 can be calculated
for both the posttransplant sample and the donor
sample, and then the percentage of donor stutter
can be subtracted. Whether the difference repre-
sents the presence of recipient is difficult to assess.
To be definitive, the difference must be greater
than the expected standard deviation of the
stutter peak. In this example, the difference is
likely to be real because of the clear results on the
same sample at the D13S317 locus.
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percentage. Recognizing the limitations of using a locus in
which the recipient-specific allele colocalizes with a stutter
peak, reporting such results as indeterminate or suspicious
for mixed chimerism is an acceptable approach. In these
cases, some information is better than none at all.

When a heterozygous recipient has a unique informative
allele and a second one that colocalizes with a donor stutter
peak, the accuracy of quantification is affected rather than
the sensitivity. The area of the peak colocalizing with the
stutter is greater than the recipient contribution due to 
the additional stutter signal. To avoid an overestimate of
the percent recipient, the peak area of the unique allele can
be used as an estimate of the second recipient allele (Figure
46-5). Therefore, the area of the unique allele is multiplied
by two (instead of including the area of the peak that colo-
calizes with the stutter peak) and used in the appropriate
formula (Figure 46-4b).

Chromosomal Abnormalities

Chromosomal abnormalities are common in hematologic
malignancies and may affect identity testing results if the
locus is present on the aberrant chromosome. The presence
of such abnormalities may be identified by diagnostic
karyotyping. If loci on the aberrant chromosome are used
for chimerism analysis, the loci should not be used for 
the specific donor-recipient pair. Alternatively, unusual
amplification patterns may provide evidence of abnor-
malities such as unequal amplification due to extra 
chromosomes or chromosomal deletions (Figure 46-6a).
Chromosomal abnormalities also can arise after treatment.
Such abnormalities have been reported and produce unex-
pected or unusual posttransplant allele patterns that are
not consistent with the clinical status of the patient.26

Doublet Peaks

Nontemplate addition of an extra nucleotide, usually an
adenosine (A), at the 3′ end of PCR products is a known
occurrence with DNA polymerases, particularly Taq.16 This
adenylation results in a PCR product that is 1bp longer
than the DNA template sequence. The degree of adenyla-
tion is dependent on the sequence of the template strand.
Incomplete addition of A nucleotides can occur if too much
DNA template is used. Addition of the A can be favored
with a final incubation step at 60°C at the end of the PCR
reaction. If not all the PCR products have an extra A, this
will lead to the appearance of split, or doublet, peaks.
Usually this affects all the allele peaks at a particular locus.
It is best to optimize reaction conditions to prevent incom-
plete adenylation, but if this is not possible and it is neces-
sary to use the peak areas of such doublet peaks to calculate
the percent recipient, the areas of both parts of each peak
should be summed and used for calculations (Figure 46-
6b).

Reports

There are no specific guidelines for reporting of chimerism
results. Furthermore, the AMP survey results indicate that
there is considerable variability in how laboratories report
chimerism analysis results. Some, but not all, laboratories
issue a separate pretransplant report to indicate the identifi-
cation of informative loci. The following relevant compo-
nents were included by most laboratories in their reports:
specimen information, sample type, description of method,
loci analyzed, sensitivity for detection of recipient, quantita-
tive result, and interpretation of result. A minority included
clinical and transplant information. Since dynamic change
between time points is important, consideration should be
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Figure 46-6. Chromosomal abnormalities and split peaks affecting SRT-PCR with CE
analysis. (a) Unequal amplification of the recipient alleles at the D7S820 locus was noted
(arrow) during pretransplant informative locus evaluation. The patient was known to
have myelodysplastic syndrome with loss of one chromosome 7. Accordingly, the peak
height of one allele is about one half the height of the other allele, indicating that some,
but not all, of the patient’s cells lacked one chromosome 7. (b) Nontemplate addition of
an extra nucleotide, usually an adenosine (A), at the 3′ end of PCR products results in a
PCR product that is 1 base pair longer than the template sequence. If not all the PCR
products have an additional A, then the PCR products will appear as split or doublet
peaks separated by one nucleotide in size, as shown. The size of the PCR products is indi-
cated by the upper boxed number. The lower boxed number is the peak area.
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Figure 46-7. Analysis and data management software for chimerism analysis. (a) 
Computer screen image of the analysis of one locus. Software designed for 
chimerism analysis (Vidiera, Beckman Coulter) permits inspection of the electro-
pherogram, the alleles identified at that locus, the peak areas for each allele, and 
the calculation used to generate the percent recipient DNA. (b) Result analysis and 

tracking of patient samples over time are important components of chimerism 
analysis. Shown here is a computer screen image for several posttransplant samples
tested at multiple loci. The chimerism results for the loci are indicated individually and
as an average. The results of any locus or loci may be included or excluded from the final
average.
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given to including in the report at least the prior result for
the same sample type (i.e., comparing bone marrow to bone
marrow) and giving an assessment of the degree of change
in comparison with the CV of the assay. For example, stating
in the interpretation whether there has been a significant
increase or decrease, a slight increase or decrease, or no
significant change is potentially useful. If feasible, a graphic
representation of a patient’s chimerism results over time
would be ideal, but most clinical laboratories are constrained
in report format by the laboratory information system. Ulti-
mately the report is a method of communication between the
laboratory and the clinicians; therefore, it behooves each 
laboratory to determine the information and format that 
are most valuable to their clinicians.

Data Management and Quality Control

Chimerism analysis poses several unique clerical and data
management issues for the clinical laboratory.The laboratory
must have a way to match donors and recipients and tabulate
the results of pretransplant testing. Subsequently, the results
of repeated posttransplant testing for each patient must be
easily accessible for review with each new sample. This can
be accomplished with a well-organized paper folder system
or with a paperless computer system. In a movement toward
the latter, the Beckman Coulter Vidiera platform includes
software specifically designed for chimerism analysis. The
software performs the calculations of percent recipient at
user-selected loci, prepares a customizable report, and allows
easy tracking of patient results over time (Figure 46-7).

Proficiency testing for chimerism analysis is available
from the College of American Pathologists. Quality control
for specimen switching is inherent to identity testing for
chimerism since patients are repeatedly tested over time,
and any unexpected result, such as different alleles, is
immediately noted and investigated.

Conclusion

The monitoring of chimerism after HCT has become
routine to confirm engraftment and detect mixed chi-
merism. The use of chimerism analysis and its clinical
utility are different for myeloablative and nonmyeloabla-
tive HCT. Chimerism analysis has clinical utility in guiding
the use of therapeutic interventions such as DLI to prevent
relapse or graft loss. Although many methods have been
applied, PCR amplification of STR loci is the method of
choice because it is informative, quantitative, relatively
rapid, and sensitive. While the methodology is technically
straightforward, the implementation, analysis, and report-
ing of results are more complicated. The clinical impor-
tance of chimerism results warrants the effort required by
the laboratory for development of the test. In the future,
establishment of guidelines for testing and reporting of
chimerism will be highly valuable.

References

1. Bader P, Niethammer D,Willasch A, Kreyenberg H, Klingebiel T. How
and when should we monitor chimerism after allogeneic stem cell
transplantation? Bone Marrow Transplant. 2005;35:107–119.

2. Khan F, Agarwal A, Agrawal S. Significance of chimerism in
hematopoietic stem cell transplantation: new variations on an old
theme. Bone Marrow Transplant. 2004;34:1–12.

3. McCann SR, Crampe M, Molloy K, Lawler M. Hemopoietic
chimerism following stem cell transplantation. Transfus Apher Sci.
2005;32:55–61.

4. Thiede C. Diagnostic chimerism analysis after allogeneic stem cell
transplantation: new methods and markers. Am J Pharmacoge-
nomics. 2004;4:177–187.

5. Winiarski J, Mattsson J, Gustafsson A, et al. Engraftment and
chimerism, particularly of T- and B-cells, in children undergoing
allogeneic bone marrow transplantation. Pediatr Transplant. 1998;2:
150–156.

6. Baron F, Storb R. Allogeneic hematopoietic cell transplantation as
treatment for hematological malignancies: a review. Springer Semin
Immunopathol. 2004;26:71–94.

7. Slavin S. Graft-versus-host disease, the graft-versus-leukemia effect,
and mixed chimerism following nonmyeloablative stem cell trans-
plantation. Int J Hematol. 2003;78:195–207.

8. Slavin S. New strategies for bone marrow transplantation. Curr Opin
Immunol. 2000;12:542–551.

9. Massenkeil G, Nagy M, Lawang M, et al. Reduced intensity condi-
tioning and prophylactic DLI can cure patients with high-risk acute
leukaemias if complete donor chimerism can be achieved. Bone
Marrow Transplant. 2003;31:339–345.

10. Antin JH, Childs R, Filipovich AH, et al. Establishment of complete
and mixed donor chimerism after allogeneic lymphohematopoietic
transplantation: recommendations from a workshop at the 2001
Tandem Meetings of the International Bone Marrow Transplant Reg-
istry and the American Society of Blood and Marrow Transplanta-
tion. Biol Blood Marrow Transplant. 2001;7:473–485.

11. Gardiner N, Lawler M, O’Riordan JM, Duggan C, De Arce M, McCann
SR. Monitoring of lineage-specific chimaerism allows early predic-
tion of response following donor lymphocyte infusions for relapsed
chronic myeloid leukaemia. Bone Marrow Transplant. 1998;21:711–
719.

12. Valcarcel D, Martino R, Caballero D, et al. Chimerism analysis 
following allogeneic peripheral blood stem cell transplantation 
with reduced-intensity conditioning. Bone Marrow Transplant. 2003;
31:387–392.

13. Baron F, Little MT, Storb R. Kinetics of engraftment following allo-
geneic hematopoietic cell transplantation with reduced-intensity or
nonmyeloablative conditioning. Blood Rev. 2005;19:153–164.

14. Dewald G, Stallard R, Al Saadi A, et al. A multicenter investigation
with interphase fluorescence in situ hybridization using X- and 
Y-chromosome probes. Am J Med Genet. 1998;76:318–326.

15. Bennett P. Demystified . . . microsatellites. Mol Pathol. 2000;53:177–183.
16. Butler JM. Forensic DNA Typing: Biology and Technology Behind STR

Markers. San Diego: Academic Press; 2001.
17. Van Deerlin VM, Leonard DG. Bone marrow engraftment analysis

after allogeneic bone marrow transplantation. Clin Lab Med.
2000;20:197–225.

18. Fehse B, Chukhlovin A, Kuhlcke K, et al. Real-time quantitative Y
chromosome-specific PCR (QYCS-PCR) for monitoring hematopoi-
etic chimerism after sex-mismatched allogeneic stem cell trans-
plantation. J Hematother Stem Cell Res. 2001;10:419–425.

19. Bader P, Beck J, Frey A, et al. Serial and quantitative analysis of mixed
hematopoietic chimerism by PCR in patients with acute leukemias
allows the prediction of relapse after allogeneic BMT. Bone Marrow
Transplant. 1998;21:487–495.

20. Oliver DH, Thompson RE, Griffin CA, Eshleman JR. Use of single
nucleotide polymorphisms (SNP) and real-time polymerase chain



46. Assessment of Chimerism in the Setting of Allogeneic Hematopoietic Cell Transplantation 531

reaction for bone marrow engraftment analysis. J Mol Diagn.
2000;2:202–208.

21. Fredriksson M, Barbany G, Liljedahl U, Hermanson M, Kataja M,
Syvanen AC. Assessing hematopoietic chimerism after allogeneic
stem cell transplantation by multiplexed SNP genotyping using
microarrays and quantitative analysis of SNP alleles. Leukemia.
2004;18:255–266.

22. Alizadeh M, Bernard M, Danic B, et al. Quantitative assessment of
hematopoietic chimerism after bone marrow transplantation by
real-time quantitative polymerase chain reaction. Blood. 2002;99:
4618–4625.

23. Lion T. Summary: reports on quantitative analysis of chimerism
after allogeneic stem cell transplantation by PCR amplification of

microsatellite markers and capillary electrophoresis with fluores-
cence detection. Leukemia. 2003;17:252–254.

24. Thiede C, Bornhauser M, Ehninger G. Evaluation of STR informa-
tivity for chimerism testing—comparative analysis of 27 STR
systems in 203 matched related donor recipient pairs. Leukemia.
2004;18:248–254.

25. Nollet F, Billiet J, Selleslag D, Criel A. Standardisation of multiplex
fluorescent short tandem repeat analysis for chimerism testing. Bone
Marrow Transplant. 2001;28:511–518.

26. Zhou M, Sheldon S, Akel N, Killeen AA. Chromosomal aneuploidy in
leukemic blast crisis: a potential source of error in interpretation of
bone marrow engraftment analysis by VNTR amplification. Mol
Diagn. 1999;4:153–157.



Chapter 47
Specimen Identification Through DNA Analysis
Gregory J. Tsongalis and Andrew Ricci, Jr.

medical record number, and date and time of collection.
Despite written policies, training of personnel, and 
careful attention by clinical and laboratory personnel to
maintenance of proper specimen identification, specimen
mislabeling or mix-ups remain a potential problem for the
clinical laboratory. Resolution of real or suspected speci-
men mislabeling is essential to prevent serious clinical con-
sequences. With broader use of identity testing methods in
the clinical laboratory setting, these methods are more
readily available and can be used to clarify specimen
identification questions.

Mislabeled or unlabeled clinical specimens are the most
common identification issue for the clinical laboratory.
According to federal regulatory standards, improperly
labeled or unlabeled specimens cannot be tested by a clin-
ical laboratory unless a firm chain of possession can be
documented by the clinician. Consequences of this stan-
dard vary by specimen type. Usually, blood samples can be
redrawn. In the anatomic pathology laboratory, however,
specimen re-collection via re-biopsy may be difficult or
impossible. Tissue biopsy specimens may be mislabeled at
the time of collection (i.e., multiple biopsies from the same
or different patients) or during tissue processing (labeling
of tissue holders or glass slides in the laboratory).1,8,9 In
addition to the potential mislabeling of specimens, physi-
cians may be challenged by patients who are in denial
about their condition and do not believe that the tissue
diagnosis pertains to them. DNA identity testing can be
used to certify the origin of biologic specimens in all these
scenarios.

Histologic “Floaters”

An uncommon but critical challenge for the anatomic
pathologist is the interpretation of fragments of tissue,
known as “floaters,” that histologically do not appear to be
associated with the case at hand. This is not a labeling error
or specimen mix-up but rather results from small tissue
fragments being “carried over” from one case to the next
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Introduction

Analysis of identity through DNA typing has its origins 
in forensic identity testing and parentage testing. These
same analyses also have found tremendous clinical 
utility in pathology laboratories for a variety of sample
identification applications.1–9 These applications include
identification of mislabeled specimens of all types,
identification of histologic “floaters” in surgical pathology
specimens, and detection of maternal cell contamination in
prenatal specimens. The scientific principles and technolo-
gies of identity testing are described in the preceding chap-
ters. This chapter focuses on sample issues and result inter-
pretation, which are specific to sample identification 
and related applications of identity testing in the clinical
laboratory.

Clinical Utility

DNA analysis of polymorphic markers used in forensic
identity and parentage testing can also be applied to many
situations in the clinical laboratory.3,6 Chimerism analysis
following bone marrow transplant (described in chapter
46) is the most common application of identity testing 
to a clinical setting and is used to accurately assess the
presence or absence of recipient and donor hematopoietic
cells. The accurate identification of clinical specimens is
clearly essential to proper management of a patient, and
misidentification leading to misdiagnosis could result in 
catastrophic overtreatment or withholding of necessary
treatment.

Identification of Mislabeled Specimens

For specimen identification and quality assurance pur-
poses, clinical specimens are labeled with and/or accom-
panied by patient and specimen information that includes
patient demographic data, a unique identifier such as a
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during processing in the laboratory. These floaters can be
carried over during gross dissection or later during pro-
cessing of tissue biopsies, which are forms of specimen
contamination. This contamination may occur despite 
rigorous quality control procedures.

In the majority of cases, the anatomic pathologist is able
to dismiss the questionable fragment of tissue as not per-
tinent to the case during routine histologic examination.
This is easily accomplished when the floater does not
resemble the histology of the remaining tissue, is positively
recognized as coming from another case, or presents
incongruous histology.4 However, when the floater is the
same type of tissue as the case at hand, it becomes more
difficult to simply disregard it as irrelevant. In addition,
floaters can represent just a few cells or a cluster of cells
that are difficult to classify and evaluate definitively. A
common scenario is a floater with malignant potential that
is only focally represented in the tissue section. Such tissue
cannot be ignored; nor can it be positively interpreted and
reported. In the past, when diagnostic certainty could not
be applied because of potential floater contamination, the
pathologist could only “advise close follow-up and short
term re-biopsy if possible.” With the advent of identity
testing in combination with microdissection, floaters can
be definitively resolved.

Maternal Cell Contamination of 
Prenatal Specimens

In this era of molecular genetic testing, many laboratories
are performing prenatal diagnostic testing. Typically this
involves analysis of DNA isolated from fetal cells from
either chorionic villi or amniotic fluid. Contamination of
the fetal cells by maternal cells is a major concern in pre-
natal diagnostic testing. Such contamination could lead to
a misdiagnosis. Identity-testing methods can be used to
determine whether maternal cell DNA is present in the fetal
DNA.2

Evaluation of Hydatidiform Moles

Complete hydatidiform moles arise when one or two sperm
fertilize an anucleate ovum, so that the proliferating 
gestational tissues are completely paternally derived (i.e.,
androgenetic).A complete mole can be either homozygous,
if a single sperm fertilizes an empty ovum and that sperm’s
haploid genetic material is duplicated, or heterozygous, if
two sperm fertilize the empty ovum. Therefore, polymor-
phic marker analysis of microdissected maternal decidua
compared to chorionic villi will show only nonmaternally
derived homozygous or heterozygous alleles at multiple
loci in the hydropic villi.5

Partial hydatidiform moles arise from fertilization of an
egg by two sperm and are triploid, with both maternal and
paternal genetic material (usually 69XXX or 68XXY). In

these cases, polymorphic marker analysis will show three 
different alleles at multiple loci, one of maternal origin and
two of paternal origin.

Specimen Issues

Specimen Selection and Documentation

Selection and verification of the appropriate specimens,
tissues, or cells from which to extract DNA are the first and
most critical steps in identity testing. The laboratory 
performing the analysis must know the purpose for the
testing, since this will, in part, dictate the samples that need
to be tested. For example, to identify a particular individ-
ual as the source of a mislabeled tissue specimen, DNA
from the specimen must be compared to DNA from a spec-
imen known to be from the individual, such as a blood or
buccal swab specimen. In addition, for mislabeled speci-
mens, documentation of specimen handling and process-
ing is useful. In contrast, for the analysis of tissue
fragments that are not consistent with the remainder of the
specimen section, DNA from the two microdissected tissue
areas are tested and compared to each other as well as to
an independent specimen known to be from the patient, if
available. Analysis of maternal cell contamination of a fetal
specimen requires a maternal blood sample in addition to
the fetal sample.

Tissue Fixation

While specimen handling and processing are major issues
for certain types of molecular genetic testing, the use of
smaller polymorphic markers allows identity testing to be
performed on specimens that would be less than ideal for
other clinical molecular tests. Frequently, identity testing
involves the use of formalin-fixed, paraffin-embedded
(FFPE) tissue or tissue sections. In some cases, the tissue
sections will be stained and mounted on glass slides. It is
not difficult to obtain adequate DNA from FFPE tissues for
identity testing. It is also feasible to obtain adequate DNA
from various microdissection techniques. Fixatives con-
taining heavy metals are not recommended, as these tend
to inhibit subsequent enzymatic reactions.

Microdissection of Tissue Sections

Analysis of tissue fragments that are not consistent with
the remainder of the specimen section, so-called floaters,
should begin with review of the tissue sections by an
anatomic pathologist, who can (1) verify the nature of the
submitted tissue and (2) demarcate relevant areas of tissue
for DNA extraction. Simple procedures are currently avail-
able to select and demarcate tissues in paraffin-embedded
tissue blocks or from stained or unstained tissue sections
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on glass slides. Floaters, other relevant tissues, or both, on
a glass slide can be marked with a diamond etching or per-
manent marker pen. Similarly, faced paraffin blocks can be
highlighted with a permanent marking pen. The most suit-
able tissues for microdissection and DNA extraction
should be cellular, nucleated, and nonnecrotic.

Diamond etching pens and permanent marking pens are
relatively imprecise instruments, but in many cases of iden-
tity testing they are all that is needed for highlighting rel-
evant tissues to be assayed. When greater precision is
required, more refined and specific microdissection tech-
niques may be employed that are capable of dissecting one
cell or a small group of cells from a complex tissue section.
From crude dissecting microscope procedures to use of
chemical extractions and laser capture microdissection
(LCM), the goal has always been the same: to obtain the
correct specimen for analysis.

Chemical Microdissection

The PinPoint Slide DNA Isolation System (Zymo Research,
Orange, CA) utilizes a proprietary solution that can be
applied to paraffin-embedded tissue sections on a glass
slide. The solution can be applied macro- or microscopi-
cally. Once the solution has dried, a scalpel blade is used to
remove the isolation solution and adherent target tissue for
DNA extraction.

Laser Capture Microdissection

LCM permits reliable procurement of pure cell populations
from tissue sections. Briefly, a histologic section is placed
on the stage of a specialized microscope and an area of
interest is brought into view. A cap coated with a thermo-
plastic film is placed over the cells to be dissected and a
low-power infrared laser beam is activated. The laser melts
the thermoplastic film, which then binds to the cells
beneath it. When the cap is removed, the cells adhere to the
cap surface. LCM can dissect large clusters of cells or single
cells as a pure population free from contaminating stroma
or other cells.

Available Assays

DNA typing harnesses the polymorphic differences
between individuals to resolve questions of identity. For
both forensic and sample identity testing, the ability to
work with minute samples is important, as illustrated by
the application of microdissection in resolution of tissue
section floater cases. The use of the polymerase chain reac-
tion (PCR) permits the interrogation of nucleic acids
extracted from very small amounts of fluid or tissue, as well
as from partially degraded samples such as from FFPE
tissue. Short tandem repeat (STR) loci can be amplified and
the length polymorphisms interrogated by PCR product

size analysis. While there are many STR polymorphisms in
the human genome, a subset has been commercialized for
identity testing purposes.

STR Analysis

Several commercially available primer sets are available 
for amplification of STR loci, as described in chapters 44
and 46 (Applied Biosystems, ABI, Foster City, CA, and
Promega Corporation, Madison, WI). The primer sets
coamplify up to 16 STR loci in a multiplex reaction. Frag-
ment-size analysis of the PCR products is performed by gel
or capillary electrophoresis on high-resolution DNA
sequence detection systems. Commonly, the primers are
fluorescently labeled with different fluoro-phores, thereby
permitting simultaneous detection of overlapping-size
PCR products.

Reverse Dot-Blot

Another commonly used procedure for typing multiple
loci simultaneously is the reverse dot-blot procedure,
which uses an array of immobilized probes to detect
sequence polymorphisms in amplicons. The AmpliType
PM+DQA1 amplification and typing kit (Roche Molecular
Systems, Indianapolis, IN) has been used routinely by
many forensic laboratories (described in chapter 44). This
procedure has been applied to numerous cases of clinical
specimen identification and can be used with many differ-
ent specimen types. This kit interrogates six polymorphic
loci in a single multiplex PCR assay and provides extremely
reproducible results.

Interpretation of Results

Sample Identification

Sample identification determines whether two samples
originated from the same or different individuals.
Comparison of a tissue or other specimen with an
identified specimen, such as peripheral blood, from the
potential source patient can be used to confirm the source
of the specimen under question. The interpretation of
the results involves a comparison of the alleles (STR or
sequence polymorphisms) between the samples. The
identification of nonmatching alleles, preferably in two or
more loci, provides evidence to exclude the individual as
the source of the sample or to conclude that the two
samples did not come from the same individual. The pos-
sibility of microsatellite instability or loss of heterozygos-
ity should be considered if malignant tissues are being
compared to normal samples using STR analysis, as
described further below. If an exact allele match is
observed between two samples, then the likelihood that
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they are from the same person is high, and an exact 
probability can be calculated by multiplying the allele 
frequencies for each allele tested. Allele frequencies for 
different ethnic groups for commonly used STR loci are
published.

Case 1

There are many scenarios in which sample identification
can be important. One example is illustrated in the follow-
ing case. A woman underwent a bronchoalveolar lavage
(BAL), which showed carcinoma on cytologic evaluation.
Follow-up clinical evaluation of the patient could not iden-
tify the source of the tumor cells, so the BAL specimen and
a peripheral blood sample from the patient were used for
identity testing. The results of DNA analysis indicated that
the DNA from the BAL specimen contained a mixture of
the patient’s DNA and another person’s DNA, compared
with the patient’s peripheral blood (Table 47-1). These
results provided an explanation for the diagnosis of carci-
noma with negative results on follow-up and prompted an
investigation into the source of the additional DNA.

This analysis shows the utility of identity testing for res-
olution of unexplained findings. Many times a specimen
clearly is mislabeled, for example, if there is no label, but
other times there may be a suspicion that a specimen is
mislabeled when the clinical findings and the pathological
results are discordant.

Analysis of Floaters

The analysis of floaters compares the genotypes of the pre-
dominant tissue on the slide with the small extraneous
tissue fragment to determine whether they match or not.

As with other forms of identity testing, differences in at
least two markers must be identified to exclude a single
individual as the source of the two specimens. Histopatho-
logic review of the case is important before identity testing
is performed to verify the nature of the submitted material
and to select the appropriate tissues for analysis. The fol-
lowing case illustrates the analysis of a floater.

Case 2

A histologic section of a transverse colon biopsy contained
multiple fragments of colonic mucosa showing hyperplas-
tic features and an isolated fragment of glandular-type
mucosa showing invasive signet ring adenocarcinoma. The
reviewing anatomic pathologist identified the isolated
glandular mucosa as probably gastric in origin and sus-
pected that this tissue fragment was a floater and not from
the same patient as the remainder of the colonic biopsy
tissue. PCR-mediated reverse dot-blot (PM+DQA1) analy-
sis was performed on the fragment of glandular mucosa
with signet ring carcinoma and a sampling of the hyper-
plastic (benign) colonic mucosa. The testing showed dif-
ferent genotypes in four of the six markers, including
DQA1, LDLR, HBGG, and D7S8 (bold alleles in Table 47-2),
leading to the conclusion that the two tissue fragments
originated from different individuals.

Consideration of Mutation

The presence of an allele mismatch at two or more loci is
sufficient to conclude that two samples are from two dif-
ferent individuals. When one of the tissues is malignant, it
is important to consider that the differences may be due to
mutations in the tumor tissue. Nucleotide polymorphisms
are highly conserved between normal and tumor tissue
from the same patient; therefore, mutations are unlikely to
be the cause of a difference between two samples using
nucleotide differences, such as the PM+DQA1 kit. On the
other hand, microsatellite instability (MSI) and loss of
heterozygosity (LOH) occur in tumors and should be con-
sidered as causes for allelic differences. MSI is a common
feature of some cancers (see chapter 19). For example,
approximately 20% of sporadic colon cancers are charac-

Table 47–1. DNA Typing Results for Case 1
STR analysis (PowerPlex2.1 and FFFL, Promega Corporation) of
a bronchoalveolar lavage (BAL) shows additional alleles (bold)
compared to the patient’s peripheral blood at almost all loci, indi-
cating the presence of a second source of DNA. Since the patient
was a female, the presence of a Y chromosome product in the
amelogenin result for the BAL indicates that the contaminating
DNA was from a male.

Locus Peripheral Blood Bronchoalveolar Lavage

vWA 16, 18 16, 17, 18
TH01 6, 10 6, 7, 10
TPOX 11 8, 11
CSF1PO 11, 12 11, 12, 13
LPL 10 9, 10, 11
F13B 8, 10 6, 8, 9, 10
FESFPS 11, 12 10, 11, 12
F13A01 3.2, 7 3.2, 7
D5S818 11 11
D13S317 11, 12 8, 11, 12
D7S820 9, 11 9, 11
D16S539 12, 13 11, 12, 13
Amelogenin X X, Y

Table 47-2. DNA Typing Results for Case 2
DNA analysis of two tissue specimens shows different genotypes
at four of six markers tested.

Tissue

Marker Glandular mucosa Colon

DQA1 3, 4.1 1.3, 4.1
LDLR A, B B, B
GYPA A, A A, A
HBGG A, B A, A
D7S8 B, B A, A
GC A, A A, A
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terized as having a mutator phenotype that results in 
MSI. Since identity testing relies on polymorphic STR 
sequences, MSI could be a confounding factor for the inter-
pretation of identity-testing assays. Laboratories should
document the genotypic conservation of the STR loci used
in identity testing of normal and malignant tissues. Loci
known to show LOH or MSI in cancers are not recom-
mended for identity testing.

Analysis of Hydatidiform Moles

Identity testing methods can be used to characterize 
hydatidiform moles as complete or partial moles, as well 
as homozygous or heterozygous complete moles.

Case 3

Histologic sections of tissue from a uterine evacuation
specimen showed hydropic villi and trophoblastic prolifer-
ation consistent with a hydatidiform mole. The patient
denied that the uterine evacuation belonged to her. To
confirm the identity of the molar tissue, identity testing
using STR loci was performed on the molar tissue and a
blood specimen from the patient.

The identity testing results showed that at least one
maternal allele was present in the molar tissue at every
locus tested (Table 47-3) and confirmed that the tissue was
derived from the patient and supported a diagnosis of
partial hydatidiform mole. Cytogenetic analysis confirmed
a triploid 69XXX karyotype. In a partial hydatidiform
mole, the female contributes one and only one allele to the

partial molar pregnancy, while the remaining alleles are
paternally derived. For this case, the D19S433 marker
showed four different alleles, of which two match the
maternal alleles. This could result from mosaicism in the
mole that was missed cytogenetically. This case demon-
strates the need for precise clinical information and histo-
logic correlation for correct interpretation of the DNA
typing results.

Conclusion

Identity-testing methods are now being used in the clini-
cal laboratory and can be critically applied in cases of ques-
tioned clinical specimen identification. A clinical specimen
identity issue can arise because of a potential specimen
mix-up, a floater, or a patient in denial of his or her 
diagnosis. Identity testing also has important utility 
for hydatidiform mole analysis and for the identification of
mixed specimens, such as the identification of maternal cell
contamination in prenatal specimens. In each scenario,
polymorphic DNA marker analysis combined with clinical
information and histopathologic review can resolve the
majority of cases.
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Table 47-3. DNA Typing Results of Case 3
DNA analysis of a hydatidiform mole compares maternal blood
with molar tissue. The molar tissue has three alleles at multiple
loci, with four alleles at D19S433. These results are consistent with
a partial mole with possible mosaicism.

Marker System Patient Tissue

D3S1358 15, 16 15, 16, 17
VWA 17, 19 17, 19
D16S539 12, 13 9, 12
D2S1338 20, 25 17, 20, 22
D8S1179 12, 16 12, 14, 16
D21S11 30, 32 30.2, 32
D18S51 13, 14 14, 17
D19S433 14, 15.2 12, 14, 15, 15.2
THO1 9.3 7, 9.3
FGA 21, 26 26, 27
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Chapter 48
Molecular HLA Typing
Malek Kamoun and Thomas M. Williams

HLA Polymorphism and Nomenclature

HLA genes are codominantly expressed, and most individ-
uals are heterozygous at the classical HLA class I and class
II loci. The nomenclature for the alleles of the HLA system
is decided by an international nomenclature committee.
Antigen names are composed of a letter designating the
HLA protein encoded by a locus or loci and a number, for
example, A2, B7, Cw4, DR17, and DQ3. Allele names are
based on nucleotide sequence variation among alleles
identified using DNA-based techniques (discussed below).
The number of alleles at the HLA class I and class II loci
as well as a listing of serologically defined specificities and
their allele equivalents are available online at several 
Web sites (for instance, the Anthony Nolan Trust Web site
at http://www.anthonynolan.com/hig/index.html or the
Immunogenetics (IMGT) HLA Database Web site at
http://www.ebi.ac.uk/imgt/hla/).

Pattern of HLA Polymorphism

Most of the sequence diversity for the HLA class I loci is
localized to the second and third exons and, for the class II
loci, to the second exon. HLA diversity is generated through
the selection of alleles with nonsynonymous substitutions
encoding amino acid differences within the peptide-
binding site. This contrasts with the bias against substitu-
tions within the introns and other binding domains. Linear
sequences identifying residues critical to the expression of
allospecificities are found in the helices of the α1 and α2
domains as well as external portions of the β pleated sheet.
Other polymorphic amino acid residues that are important
for peptide binding but not defined by alloantibodies are
identified by DNA-based techniques.5–7

The pattern of allelic sequence diversity for both the class
I and class II loci is unusual; most alleles differ from their
closest neighbor by multiple substitutions,with some alleles
differing in the second and third exons by as much as 
15%. This pattern is suggestive of segmental exchange of
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Molecular Genetics of the Human
Major Histocompatibility Complex

Histocompatibility antigens were first described by Snell,
using inbred strains of mice. Later, Dausset, Payne, Van
Rood, and others discovered that in humans antibodies to
white blood cell antigens can be induced after pregnancy or
transfusion. These antibodies provided the tools to define
the human leukocyte antigens (HLA) (References 1–3 and
references therein). Recently, using molecular methods,
researchers have defined hundreds of different HLA alleles.
The HLA genes reside within a genetic complex referred to
as the major histocompatibility complex (MHC). The MHC
comprises about 4 megabases (Mb) on the short arm of
chromosome 6 (6p21.3). The MHC contains the most poly-
morphic coding sequences in the human genome. HLA
genetic diversity accounts for more than 10% of all 
genetic diversity observed in the human genome. HLA 
molecules provide the molecular basis for immunologic
self-recognition, and many HLA genes encode proteins that
function within immune regulatory networks.

A number of genes in the MHC, arranged in order from
the telomeric to the centromeric end, are displayed in 
Table 48-1. The MHC can be divided into three major
regions, each of which controls the production of mole-
cules that have distinct biologic functions.4 The class I
region includes the HLA-A, HLA-B, and HLA-C and related
loci, class II includes the HLA-DR, HLA-DQ, and HLA-DP
loci, and class III contains genes that encode a variety of
proteins including molecules of the complement system
(C2, C4, and Bf) and tumor necrosis factors (TNFs). Class
I and class II loci encode two distinct classes of highly poly-
morphic cell surface molecules whose function is to
capture and display various antigenic peptides to CD8+
and CD4+ T lymphocytes, respectively. The class II region
also includes the genes for the TAP1 and TAP2 peptide
transporter, the LMP genes that encode proteosome sub-
units, and the genes encoding the DMα and DMβ chains
(Reference 4 and references therein).
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nucleotide motifs between alleles of the same locus. There
are also a few examples of interlocus gene conversion, and
most are the result of HLA-B/-C recombination. Thus, dif-
ferent HLA alleles of a locus are patchwork (i.e., mosaic)
combinations of polymorphisms. The extensive allelic
diversity at HLA loci is thought to have been generated by
polymorphic sequence motifs generated by gene duplica-
tion and recombinational mechanisms such as gene con-
versionlike events, which have shuffled these polymorphic
sequence motifs. Point mutations also contribute to this
allelic diversity.6,7 One consequence of this pattern of patch-
work polymorphism is that the sharing of specific 
epitopes on the HLA molecules leads to antigenic cross-
reactivity. Due to epitope sharing, HLA antigens may be
arranged in cross-reactive groups, or CREGs.2,3 CREGs are
important in that they allow for greater latitude in donor-
recipient HLA matching and at the same time may be used

to predict potential problems with graft outcome. A prob-
lematic consequence of the combinatorial nature of HLA
alleles is that a given pattern of sequence motifs may be
consistent with more than a single genotype. This problem
of ambiguity in DNA-based typing is discussed below.

HLA Haplotypes

The HLA genes are in linkage disequilibrium and are trans-
mitted in families as haplotypes.An individual inherits one
haplotype from each parent. In any family having more
than one sibling, there is a 1 in 4 chance that the two 
siblings will be HLA identical and a 1 in 2 chance that 
they will share one haplotype. Given the number of exist-
ing alleles, the number of possible haplotypes is astro-
nomical. However, due to linkage disequilibrium, the
number of haplotypes found in a population is more
restricted.7,8

The organization of HLA-DQ and HLA-DP loci is con-
served within human and other primates, whereas the
number of HLA-DR genes varies in different haplotypes.
Within the HLA-DR region, the DRB1 gene encodes the
DRβ1 chain, which determines the DR private specificities
DR1, DR2, DR3, DR4, DR5, and so on. The DRB3, DRB4, and
DRB5 genes encode the DRβ3, DRβ4, and DRβ5 chains,
which determine the DR52, DR53, and DR51 specificities,
respectively (Figure 48-1).

Genetic recombination or crossing over in the HLA
region is a relatively rare event, occurring for the most part
no more than 1% per meiosis between HLA-A and HLA-B,
and between HLA-B and HLA-DR. Recombination also can
occur between HLA-A and HLA-C, and between HLA-B
and HLA-C (0.6% and 0.2%, respectively). Such recombi-
nation can have important clinical implications for 
transplantation.

Linkage Disequilibrium or Gametic Association

Linkage disequilibrium is an important feature of the HLA
system. Gametic associations are regularly found between
certain alleles of HLA-A and HLA-B, HLA-C and HLA-B,
HLA-B and HLA-DR, and HLA-DR and HLA-DQ. In some
so-called extended haplotypes, significant linkage disequi-
librium extends over 3 Mb from HLA-A at the telomeric
end of the HLA region, to HLA-DP at the centromeric end,
including HLA class III genes (Reference 8 and references
therein). It is this linkage disequilibrium that allows the
identification of bone marrow or stem cell donors in pop-
ulation registries who are matched at multiple loci with 
a given patient (see Histocompatibility Assessment in
Unrelated Donors below).

HLA Gene Frequencies in Human Populations

Although a very large number of alleles (e.g., >400 for HLA-
B and HLA-DRB1) can be found in the global population,

Table 48-1. Names for Genes in the HLA Class I and Class II
Regions, Ordered from Telomeric to Centromeric Location on
Chromosome 6

Name Molecular Characteristics

HLA-F Class I–like molecule
HLA-G Class I–like molecule
HLA-H Class I pseudogene
HLA-A Class I α chain
HLA-J Class I pseudogene
HLA-E Class I–like molecule
HLA-C Class I α chain
HLA-B Class I α chain
MICA MHC Class I–like molecule
MICB MHC Class I–like molecule
HLA-DRA DR α chain
HLA-DRB9 DRB pseudogene, isolated fragment
HLA-DRB3 DR β3 chain determining DR52 and Dw24,

Dw25, Dw26 specificities
HLA-DRB2 Pseudogene with DR β-like sequences
HLA-DRB1 DR β 1 chain determining specificities DR1,

DR2, DR3, DR4, DR5 etc.
HLA-DQA1 DQ α chain as expressed
HLA-DQB1 DQ β chain as expressed
HLA-DQB3 DQ β-chain-related sequence, not known to be 

expressed
HLA-DQA2 DQ α-chain-related sequence, not known to be 

expressed
HLA-DQB2 DQ β-chain-related sequence, not known to be 

expressed
HLA-DOB DO β chain
TAP2 ABC (ATP binding cassette) transporter 

(associated with antigen presentation)
LMP7 Proteosome-related sequence (role in loading 

class I molecules with peptides)
TAP1 ABC transporter (associated with antigen 

presentation)
LMP2 Proteosome-related sequence (role in loading 

class I molecules with peptides)
HLA-DMB DM β chain (control peptide loading by class II 

molecules)
HLA-DMA DM α chain (control peptide loading by class II 

molecules)
HLA-DPA1 DP α chain as expressed
HLA-DPB1 DP β chain as expressed
HLA-DPA2 DP α-chain-related pseudogene
HLA-DPB2 DP β-chain-related pseudogene
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Figure 48-1. HLA-DR region and encoded allotypes.
Pseudogenes are indicated by shaded boxes. Expressed
genes are indicated by open boxes. The serologic speci-
ficity encoded by a gene is given underneath each
expressed gene box. aRarely observed haplotypes. bDR51
and DR53 may not be expressed on certain haplotypes.
(Adapted from Little AM, Parham P. Polymorphism and evolution

of HLA class I and II genes and molecules. Rev Immunogenet.

1999;1:105–123.)
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a much smaller number (e.g., 30–50 for HLA-DRB1) is
present in most individual populations. Importantly, dif-
ferent populations tend to have different frequency distri-
butions of alleles and exhibit different patterns of linkage
disequilibrium. This variability exists among both racial
and ethnic groups.

Clinical Utility of HLA Typing

Solid Organ Transplantation

Kidney and Pancreas

Renal transplantation is carried out successfully using
living and cadaveric donors.

HLA Matching of Living Related Donors

Transplants are performed using donor-recipient pairs
sharing HLA-A, HLA-B, and HLA-DR antigens from one or
two haplotypes. The analysis of HLA matching for kidney
graft survival over the period of 1985–1999 is based pri-
marily on serologic typing data. The half-life survival for a
graft from an HLA-identical sibling is 23 years, compared
to a one-haplotype-related donor, which has a half-life of
12.8 years.6,9

HLA Matching of Cadaveric Donors

Data excerpted from the United Network for Organ
Sharing (UNOS) transplant registry9 indicate that HLA
serologic matching appears to have an effect on long-term
graft survival of kidneys from cadaveric donors. Although

the 1-year graft survival is not very different in cases
involving a complete match from those who are completely
mismatched, after 5 years the gap in percent survival
widens significantly, suggesting that the immunosuppres-
sive drugs are potent in avoiding early graft loss due to
acute rejections. However, as the drug dosages are tapered
over time, the HLA matching effect becomes significant.
Patients receiving organs with zero mismatches for HLA-
A, HLA-B, or HLA-DR antigens achieve a graft survival
half-life of 11.3 years compared to a half-life of 6.3 years
for grafts that were completely mismatched for these anti-
gens. HLA matching is especially beneficial in second
transplants and in patients with preformed antibodies. The
effect of HLA-A, HLA-B, and HLA-DR matching remains
significant even with the most recent forms of immuno-
suppression.9

UNOS HLA Matching Algorithm for
Allocation of Cadaveric Kidneys and
Pancreases

The selection of a recipient for any given random cadav-
eric donor is based on an HLA-matching algorithm defined
by UNOS (http://www.unos.org). The current allocation
policy considers the degree of HLA matching at HLA-A,
HLA-B, and HLA-DR. The organs are distributed locally
first, and if no match is found, they are offered regionally,
and then nationally, until a recipient is found.A nationwide
organ sharing is mandatory for identified donor-recipient
pairs with zero HLA-A, HLA-B and HLA-DR mismatches;
a local and regional organ sharing is based on one or two
HLA-DR mismatches. All other match grades are allocated
without regard to mismatching. The main purpose of this
algorithm is to try to transplant more minority patients
while at the same time not reducing overall graft outcome.
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Transplantation of Other Solid Organs

The effect of HLA-A, HLA-B, and HLA-DR matching on the
survival of heart and lung transplants is statistically
significant. However, the effect of HLA matching for liver
transplants is unclear.

Hematopoietic Cell Transplantation

HLA Typing Requirements

Typically, an HLA typing for hematopoietic cell transplan-
tation (HCT) would initially include low-resolution typing
for HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DRB3, HLA-
DRB4, HLA-DRB5, and HLA-DQB1 loci. Allele-level typing
is subsequently performed in the final identification of
suitable donors for HCT.

Three different categories of donors are usually consid-
ered in the following order of preference: HLA genotypi-
cally identical siblings, HLA mismatched relatives, and
matched or mismatched unrelated donors.

Histocompatibility Assessment in 
HLA-Matched Relatives

The goal when screening for an HLA-matched sibling
donor is to identify which of any siblings have inherited
the same HLA haplotype from their parents. This requires
typing all siblings and, if possible, both parents for HLA-
A, HLA-B, HLA-DRB1, and HLA-DQB1. Given the current
average family size in the United States of 2.7 siblings, the
approximate probability that a patient will have an HLA
match within the family is 30% to 35%. For those patients
who do not have an HLA-matched sibling within the
family, an HLA-mismatched relative who shares one hap-
lotype can be considered. However, the clinical data clearly
indicate that with increasing disparity for HLA-A, HLA-B,
HLA-DRB1, or HLA-DQB1 loci, there is increased risk of
graft-versus-host disease (GVHD) following HCT.

Histocompatibility Assessment in 
Unrelated Donors

When a matched sibling donor does not exist for a patient
requiring allogeneic HCT (70% of cases), searching for
extended family members or donors from unrelated bone
marrow registries would be the next option. Registries of
volunteer bone marrow donors as well as cord blood exist
in most developed countries. The largest of these is the
National Marrow Donor Program (NMDP) in the United
States, which has more than 4 million registered donors
(http://www.marrow.org).

The probability of finding a matched donor at HLA-A,
HLA-B, HLA-DRB1, and HLA-DQB1 depends on the ethnic

origin of the patient and the composition and size of the
donor registry being searched. Currently, an acceptable
donor can be identified for approximately 65% of patients.
However, patients belonging to racial groups that are not
well represented in the registries have a considerably
decreased probability of matched donor identification.10

Relative Impact of HLA Disparities

HLA compatibility affects not only the ability to achieve
sustained engraftment of donor HCT but also the risk of
developing acute and chronic GVHD.6,11 Posttransplant risk
of graft failure, GVHD, and mortality can be affected by
quantitative and qualitative characteristics of donor-
recipient HLA mismatching. Moreover, studies have
reached different conclusions regarding the relative contri-
butions of HLA class I and class II mismatching because of
population-based differences in the specific HLA-mis-
match combinations between patients and donors (Refer-
ence 11 and references therein). In an analysis of HCT for
chronic myelogenous leukemia (CML), the risk of graft
failure is affected primarily by donor disparity for HLA
class I including HLA-C. The incidence of rejection corre-
lates with the number of donor-incompatible alleles. The
incidence of graft rejection is 0.7% for zero, 8% for a single,
and 19% for multiple class I allele donor incompatibilities.
Donor disparity for class II does not increase the risk of
rejection.6,11

The level of matching is more critical for HCT than for
solid organ transplantation (SOT) because of the risk of
GVHD. GVHD is a major cause of mortality in HCT and is
more frequent than allograft rejection. Analysis of HLA
and GVHD focuses on mismatches in the host recognized 
by donor T cells. Generally, host disparity for class II is
thought to convey greater risk for GVHD than class I dis-
parity. In an analysis of HCT for CML, patients with a single
class II mismatch at HLA-DR or HLA-DQ have a hazard
ratio of 1.8 compared to HLA matches. Single class I mis-
matches are well tolerated with respect to GVHD; however,
combined mismatching at class I and class II confers a
hazard ratio of 2.0. Allele mismatches for HLA-A, HLA-B,
HLA-C, HLA-DRB1, and HLA-DQB1 are also a significant
factor for survival. Patients mismatched for more than one
class I allele and those mismatched at both class I and class
II alleles have a significantly lower survival than patients
and donors fully matched for HLA-A, HLA-B, HLA-C,
HLA-DRB1, and HLA-DQB1. A single class I mismatch or
single class II mismatch does not appear to affect sur-
vival.6,11 It is likely that different modes of patients’
immunosuppression after transplant would have an impact
on the relative risk associated with various HLA loci. Cri-
teria for “permissible” mismatching in HCT are center
dependent. However, very few centers would perform HCT
across more than one HLA mismatch at HLA-A, HLA-B,
HLA-DR, or HLA-DQ. The increased use of DNA-based
HLA typing should help identify permissible mismatches.
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Interestingly, recent studies indicate a low incidence of
GVHD associated with the use of umbilical cord blood
(UCB) derived stem cells and show that two or less HLA
mismatches were correlated with a high probability of sur-
vival, as long as the recipient received an optimal CD34 cell
dose adjusted for the recipient body weight.

HLA Alleles and Disease Associations

Specific alleles of HLA molecules are associated with
certain diseases.Associations have been shown to be of two
types: those in which the disease is associated with class I
antigens and those having strong associations with class II
antigens (Table 48-2). Several autoimmune diseases are
strongly associated with alleles of HLA class II loci,
suggesting the possibility that some alleles of HLA class II
molecules can selectively present autoantigens to T cells.
Importantly, as shown in Table 48-2, some HLA disease
associations are of diagnostic importance. The best known
is the association of HLA-B27 with ankylosing spondylitis
(reviewed in Reference 12).

Mechanisms for the Association of HLA
Alleles with Autoimmune Diseases

The biological mechanisms underlying the associations
between HLA antigens and various diseases remain mostly
unknown. HLA-associated diseases are caused by interplay
of multiple genes and environmental factors, in which HLA
genes most often confer the strongest genetic predisposi-
tion. Based on results of a genomewide search for suscep-
tibility genes, HLA accounts for more than 50% of the
genetic risk in type 1 diabetes. Similarly, HLA accounts for
more than 90% of the genetic risk in narcolepsy.12

Association of HLA Class II Alleles with
Autoimmune Diseases

Susceptibility to rheumatoid arthritis (RA) is strongly
associated with the DRB1*0401, *0404, *0405, and *0408
alleles. On the other hand, DRB1*0402, *0403, and *0407
are not associated with RA and may instead confer protec-
tion. A possible role of pocket 4 (residues 67, 70, 71, and 74
of the β chain) of DR4 molecules has been suggested.

Similarly, in type 1 diabetes it appears that both suscep-
tibility and protection are associated primarily with some
class II HLA molecules. Association is strongest with 
heterozygosity for HLA-DR3- and HLA-DR4-bearing 
haplotypes. It is currently believed that HLA-associated
predisposition to type 1 diabetes is mainly determined by
the combination of HLA-DQ or HLA-DR molecules or
both.12 This may explain differences among populations
with respect to susceptibility associated with particular
HLA-DQ or HLA-DR molecules. The HLA-DQ molecule
associated with susceptibility often shares an amino acid
other than aspartic acid at position 57 on the HLA-DQβ
chain that is located in pocket 9 of the peptide-binding
cleft. On the other hand, those HLA-DQ molecules associ-
ated with protection carry aspartic acid at this position
(reviewed in Reference 12).

In celiac disease, a strong association is observed with
the trans-pairing of HLA-DQα and HLA-DQβ observed in
HLA-DR3-bearing haplotype or heterozygotes for HLA-
DR5 and HLA-DR7.12

Other Applications

HLA-matching algorithms have been used for patients
receiving repeated infusions of platelet concentrate who
become refractory due to the generation of antibodies to

Table 48-2. Examples of HLA Testing for Autoimmune Diseases

Disease HLA Test Comment

Ankylosing spondylitis (AS) HLA B27 B27 is found in >95% of patients with AS but also is found in 7% of the 
white population. The presence of B27 is not diagnostic. The absence 
of B27 tends to exclude AS.

Narcolepsy HLA-DR2, DQB1*0602 DR2 (DRB1*1501-DQB1*0602) is present in nearly all patients with 
narcolepsy but also is found in ~25% of the white population. The 
presence of DQB1*0602 is not diagnostic of narcolepsy, but the 
absence of DQB1*0602 tends to exclude narcolepsy.

Insulin-dependent diabetes HLA-DQ2, DQ3 This association may be used to assess the clinical risk of IDDM in 
mellitus (IDDM) first-degree relatives of patient but is of no value in routine testing 

of patients.
Familial hemochromatosis Family study HLA-A, HLA-B, Testing for disease risk can now be carried out by direct HFE genotyping.

HFE genotyping
Rheumatoid arthritis (RA) HLA-DRB1 typing HLA-DR4 is found in approximately 70% of patients with RA and 25% 

of the unaffected population. DRB1*0401, 0404, 0405 are the main 
susceptibility subtypes, whereas DRB1*0402, 0403, and 0407 are not 
associated with an increased risk of RA.
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HLA class I antigens expressed on the surface of platelets.
Other important applications include vaccine clinical 
trials for patients with melanoma and HIV infection, in
which vaccines rely on defined HLA-restricted epitopes.
Identification of the appropriate HLA type is an important
step in identifying patients who could benefit from these
therapies.

Available Assays

Virtually all methods used widely in clinical molecular lab-
oratories have been applied to the problem of identifying
HLA alleles (Reference 6 and references therein). Strategies
based on allele-specific DNA amplification, oligonucleotide
probe hybridization, and DNA sequencing have become 
the most common methods used in the field. Each of
these methods relies on isolation of genomic DNA from 
the tested individual with polymerase chain reaction
(PCR) amplification of relevant regions of an HLA gene.
Samples for testing are usually peripheral blood but may
be any nucleated cell or tissue. Laboratories typically
amplify at least exons 2 and 3 of class I genes and exon 2
of class II genes, but may prepare larger amplification
products that include exon 4 and 5 of class I genes for DNA
sequencing. Amplification primers may be located within
exons or introns. Intronic primers allow complete analysis
of exons and inspection of exon-intron junctions for splice-
site mutations. Primers must be chosen with care to
achieve locus-specific amplification since the HLA loci are
the products of gene duplication and divergence and retain
substantial homology. Further, many HLA loci have closely
related pseudogenes that do not encode functional
polypeptides but may result in nonspecific PCR products.
Each of the methods discussed below generates a large
amount of data for each patient that must be compared to
extensive lists of potential alleles, hybridization probe “hit”
patterns, or allele sequence libraries to assign an allele
type. While this may be done manually, most laboratories
use software packages that must be updated frequently to
include newly recognized alleles.

Resolving Power of Methods

Laboratories tailor HLA-typing assays to the specific 
clinical applications discussed above. For example, assays
helpful in evaluation of narcolepsy may test only for 
presence or absence of DQB1*0602. Matching unrelated
donors and recipients for HCT requires allele-level (high-
resolution) typing at several class I and II loci. Conversely,
low-resolution typing at the allele-group or serologic-
equivalent level is typically performed for renal transplan-
tation. Choice of the methods discussed below depends on
typing volume, turnaround requirements, and the resolu-
tion needed.

Sequence-Specific Primer Polymerase 
Chain Reaction

The sequence-specific primer polymerase chain reaction
(SSP-PCR) method employs pairs of PCR primers chosen
so that their 3′-most nucleotide or nucleotides are com-
plementary to a polymorphic position that distinguishes
an allele or an allele group from other alleles (Reference 6
and references therein). If the individual possesses the
allele(s) of interest, the PCR will lead to a product whose
size and presence is typically identified by agarose gel elec-
trophoresis or can be detected in real time.6,13 If one or both
primers are not complementary to their targets at their 3′
ends, the reaction will fail. By choosing many pairs of
primers in independent reactions to cover all allele groups,
laboratories can perform a typing. Laboratories include a
second set of generic primers in each reaction for a control
gene, as a DNA amplification control. Because of the large
number of allele groups, about 100 PCR reactions are nec-
essary to perform a low-resolution HLA-A, HLA-B, and
HLA-DRB1 typing for a single patient.Additional reactions
are required if allele-level typing is desired. Thus SSP-PCR
typing requires considerable thermal cycler resources. SSP-
PCR is suitable for low to moderate typing volumes in 
laboratories. Since it can be performed in a few hours,
SSP-PCR can be used to identify HLA alleles in time-
sensitive situations such as in deceased donors prior to
renal transplantation.

Sequence-Specific Oligonucleotide 
Probe Hybridization

For sequence-specific oligonucleotide probe hybridization
(SSOPH), PCR products including the relevant regions of a
particular HLA gene are hybridized to a large panel of
oligonucleotide probes that cover the known polymor-
phisms (Reference 6 and references therein). Hybridization
and washing conditions of high stringency allow detection
of single nucleotide differences. Most laboratories detect
bound probes colorimetrically or via chemiluminescence.
The reactivity of the entire panel is analyzed against
expected results for particular alleles or groups of alleles
to assign an allele type. Forward SSOPH is useful for large-
scale, batched testing, with the PCR products from many
individuals immobilized on a membrane, with subsequent
hybridization with a single probe. By preparing many
membranes, the laboratory can test the entire panel of
probes. Reverse SSOPH assays employ multiple probes
immobilized on a membrane strip for hybridization to the
PCR products from a single individual.6 Whereas reverse
dot-blot and SSOPH methods typically employ enzyme
labels and colorimetric substrates that require subsequent
development, other SSOPH methods employ microspheres;
up to 100 different populations of microspheres can be
mixed together and distinguished by their unique fluores-
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cence signatures when analyzed by a fluoroanalyzer. Thus
all variants in the PCR products are analyzed simultane-
ously and the entire assay is carried out in a single vessel
with the addition of a single reagent. Reverse SSOPH assays
can be challenging to optimize since all probes must attain
specificity under identical hybridization conditions.
Reverse SSOPH reagents are generally available commer-
cially. This type of method is very attractive for rapid low-
to mid-volume testing. SSOPH testing can yield low-reso-
lution results or allele-level results with larger panels of
probes.

DNA Sequencing

DNA sequencing of PCR products is a method increasingly
attractive for allele-level typing because of the large
numbers of alleles known to exist at several of the HLA
loci. In theory, any known or new allele should be detected
by this method if defined by polymorphisms within the
nucleotide sequence amplified by the two PCR primers.
Recombinant DNA polymerases for sequencing reactions,
improved fluorescent dyes for dideoxynucleotides, power-
ful analysis software, and capillary electrophoresis instru-
ments have made DNA sequencing technically easier and
less labor-intensive for complex clinical molecular tests
such as HLA typing.14 Careful selection of PCR primers to
ensure roughly equal amplification of the two alleles
present in an individual is a crucial requirement for this
method. Otherwise heterozygous peaks in the electro-
pherograms will not be reliably identified. DNA sequenc-
ing requires less modification in response to new alleles
than other methods and is a powerful and general way of
performing allele-level typing.

Other Methods

Early in the development of DNA-based HLA typing,
restriction fragment length polymorphism (RFLP) analy-
sis was employed. This approach declined in importance as
laboratories realized that the complexity and number of
HLA alleles outstripped the power of RFLP analysis. Ref-
erence strand conformation analysis is a method employ-
ing the analysis of heteroduplexes prepared by mixing PCR
products from the tested individual with those prepared
from a reference allele. The migration of the heterodu-
plexes is assessed on an acrylamide gel and compared to a
library of migration profiles.6 HLA alleles are likely to have
unique migration patterns, especially when tested with
several reference alleles. This is a fairly rapid method and
is a simple and elegant way to assess whether a donor and
a recipient are identical at a locus. Rare alleles not repre-
sented in the library with known migration patterns are
difficult to identify. Other methods of HLA typing based on
mass spectroscopy and DNA microarrays are in develop-
mental forms.

Interpretation of Test Results

Antigen-Level and Allele-Level HLA Typing

Some of the codes currently adopted in designating HLA
alleles are shown in Table 48-3. The alleles of each of the
HLA antigens are numbered based on the original sero-
logic nomenclature. HLA alleles are designated by a super-
scripted asterisk after the locus of origin and a number
corresponding to the particular allele (e.g., HLA-A*0201),
as shown in Table 48-3. The parallel testing using serologic
and DNA genotyping of HLA alleles has led to the use of
one nomenclature for the description of low-resolution
typing where the HLA assignment might include more
than one possible related allele (e.g., HLA-A A2) and a
nomenclature reflecting the high-resolution allelic typing.
Thus, different HLA allele subtypes (e.g., for A2) can
appear indistinguishable when tested by serology or with
a limited panel of nucleic acid probes, so a generic or low-
resolution typing is obtained. The naming of new HLA
alleles is decided by an international nomenclature com-
mittee; however, the workshop prefix “w” and other desig-
nations often precede formal naming by the international
nomenclature committee. As a result, the literature can be
confusing for the uninitiated. Another feature of the
nomenclature is the Bw4 and Bw6 specificities. All HLA-B
alleles encode one of two possible epitopes located on the
alpha 1 helix that were originally defined by serology as
Bw4 and Bw6 specificities. The “w” prefix is retained in this
case to distinguish them from true HLA alleles. Annual
HLA nomenclature reports with frequent updates are avail-
able at several Web sites (HLA Informatics Group, http://
www.anthonynolan.com/hig/index.html, or IMGT/HLA
Database, http://www.ebi.ac.uk/imgt/hla/).

Table 48-3. HLA Nomenclature

MHC Major histocompatibility complex
HLA Human leukocyte antigen
HLA-A An HLA genetic locus within the MHC
HLA-A24 A serologically defined antigen encoded 

by HLA-A
HLA-A*24 A group of alleles that encode molecules 

with A24 specificity
HLA-A*2405 A specific HLA-A*24 allele
HLA-A*240301 An HLA allele that differs from A*240302

by a silent polymorphism
HLA-A*2409N A null allele
HLA-A*24020102L An allele differing from A*24020101 by a 

polymorphism outside the coding region 
and encoding an antigen with reduced 
expression

Source: Immunogenetics (IMGT) HLA Database Web site avail-
able at: http://www.ebi.ac.uk/imgt.
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Correlation of Serologic and Nucleic Acid–Based
HLA Typing

The HLA Dictionary provides a list of the World Health
Organization (WHO)-assigned serologic designations and
the actual serology test results for many alleles. For most
of these alleles, the serologic types are known to corre-
spond to the first two digits of the molecular type. For
those molecular types for which no WHO assignment or
serologic typing results are available, it is appropriate to
use the two-digit low-resolution type for conversion. Most
of the time molecular typing gives clear results that can
readily be interpreted, even when serologic typing is
ambiguous.

Conversion of HLA Molecular Types for UNOS
Matching and Data Entry into UNet

For cadaveric kidney transplantation, matching at the
antigen level is still considered the standard method by
which donor kidneys are allocated through UNOS. UNOS
provides a list of antigens that may be entered through
UNet; this list forms the basis of the HLA-matching 
algorithm for cadaveric kidney and pancreas allocation
(http://www.unos.org/). The list of antigens and criteria are
reviewed annually. While molecular class I typing is 
more robust and more accurate than serologic typing, a
definition of equivalent “antigens” is needed for the
purpose of proper organ allocation. When allelic nomen-
clature was initiated, it was intended to reflect the existing
serological nomenclature. Thus, for most types, low-
resolution (two-digit) class I molecular typing provides the
appropriate serologic equivalent. However, as new alleles
were discovered, names of alleles were derived based on
nucleotide sequence similarities that did not always result
in similar serology. Thus, in many cases, it is difficult to
derive a serologic designation based on an interpretation
of a molecular HLA type. The low-resolution molecular
types B*15 and B*40 represent complex examples. The use
of the B15, B40, or other broad antigen designation can
cause incorrect donor-recipient “matching” and can render
molecular typing less specific and less accurate than sero-
logic typing for the purpose of organ allocation.

Because of these complexities, UNOS has developed
guidelines for assigning antigen equivalents (http://www.
unos.org/). UNOS standards require laboratories to report
the correct serologic equivalents for the UNOS application
to ensure the most appropriate allocation and to allow
screening for unacceptable antigens.

Another problematic issue involves the molecular detec-
tion of serologically null alleles (see next section). For
instance, a patient with the null variant of A24 could make
an antibody to A24. A donor with A24 should not be con-
sidered to be a zero mismatch for a recipient with an A24
null allele. Ideally, null alleles should be identified either by
use of parallel serologic typing or by use of molecular kits

that identify null alleles. All confirmed null alleles should
be entered as blanks.

Null Alleles

Most HLA alleles are defined by polymorphisms that are
essentially missense mutations leading to amino acid sub-
stitutions. Null alleles are variants that result in reduced or
absent expression of mature class I and II proteins on the
plasma membrane. Null alleles generally result from either
alterations at exon-intron boundaries that cause aberrant
RNA splicing or nonsense mutations that lead to truncated
polypeptides. Most of the null alleles occur within the
HLA-A and HLA-B loci; however, they are found at other
class I and II loci as well. The nucleic acid sequences that
characterize some of these null alleles may not be in the
genetic region normally targeted by DNA typing; thus,
without serologic information, these null alleles may go
undetected. However, once a null allele is identified by
serology and characterized by nucleic acid sequencing to
identify the source of the lack of expression, the null allele
can be readily detected in subsequent individuals by DNA
testing procedures alone. Testing strategies that do not dis-
tinguish between a null allele and its closely related
expressed counterpart can lead to clinically significant
errors. Fortunately, the allele frequencies of most null
alleles appear to be less than 0.001. However, exceptions
occur: DRB4*0103101N is relatively common and C*0409N
is associated with HLA-B*4403 carrying haplotype in some
ethnic groups.

New Alleles

Laboratories performing clinical testing will encounter
patients and donors who appear to have heretofore
unknown alleles. New alleles, which appear to have arisen
relatively recently, can be observed at relatively high rates,
particularly in various indigenous populations.7 New
alleles may be suspected when SSP-PCR assays result in
unexpected negative or positive reactions or reactions with
products of unexpected size. For example, a typing with 7
positive reactions consistent with the presence of B*51 and
B*40 alleles and a single reaction indicating a B*08 allele
may suggest the presence of a new allele. Similarly, unusual
SSOPH patterns for the panel of oligonucleotide probes
used may indicate that a new allele is present. DNA
sequencing assay results will indicate the presence of a
nucleotide or nucleotides not known to be possible at a
particular position in a library of known alleles. Finally,
typings that indicate that an individual is heterozygous 
for two alleles that are each uncommon are sometimes
alternatively explained by the presence of a known
common allele and a new allele whose sequence 
is not present in a laboratory’s library of “possible”
sequences. Since typing strategies often rely on heterozy-
gous PCR products, it is often not possible to determine



48. Molecular HLA Typing 549

which of the two identified alleles is new. Thus, a method
of isolating suspected new alleles in a hemizygous form 
via traditional cloning techniques, allele-specific amplifi-
cation, or single-allele amplification is necessary for its
unambiguous characterization. The sequences of potential
new alleles should be communicated to GenBank to obtain
accession numbers and then to the IMGT HLA Database
(http://www.ebi.ac.uk/imgt/hla/). The WHO HLA Nomen-
clature Committee will review the data submitted and
assign the allele a unique number. The IMGT will display
an authoritative sequence for the allele and information
about the ethnicity and HLA alleles identified at other loci
in the individual with the new allele.

HLA Typing Problems

Ambiguities

Two major sources of ambiguity in HLA typing are poly-
morphisms outside the gene regions targeted by testing
and the lack of information about phase in heterozygous
individuals. Many laboratories choose tests designed to
analyze exon 2 of class II genes and exons 2 and 3 of class
I genes, since these regions include most of the known
polymorphisms and encode domains that interact with
bound peptides. However, polymorphisms occur in other
exons as well. When a method does not test for a possible
polymorphism, the typing is necessarily ambiguous. The
laboratory should discuss with clients whether an ambigu-
ity is likely to be clinically relevant, although the impact on
transplant outcome of many known polymorphisms in
other exons is unknown.

The second major reason for ambiguous typings derives
from the fact that heterozygous typing data often is entirely
consistent with two, three or more possible pairs of alleles
rather than just one allele pair. If the PCR products pre-
pared include the sequences of both alleles in an individ-
ual and contain several heterozygous possibilities, it is
often not possible to know the cis/trans relationships of
the heterozygosities. These ambiguous heterozygous com-
binations can be solved in several ways. Allele-specific
amplification leading to PCR products from one of the two
alleles will resolve ambiguities. Family studies will resolve
heterozygosity ambiguities if appropriate relatives are
available for testing. Traditional cloning techniques are a
general solution but are time and labor consuming. Single-
allele amplification is a general and rapid, but expensive
solution.

Recombination

The fact that recombination within the MHC sometimes
occurs during meiosis is discussed above. When recombi-
nation appears to have occurred within a family, interpre-
tation of results can be difficult. Before accepting that
recombination explains the results seen, laboratories

should consider the possibilities of typing error and false
paternity as alternatives.

False Paternity

HLA typing is a form of identity testing, and it may reveal
false paternity when members of a family are tested. Our
experience is that many transplantation clinicians do not
believe it is helpful to disclose to families before testing that
discovery of false paternity is possible. The ethical consid-
erations associated with this issue are complex. When
results are consistent with false paternity, the findings can
be discussed with the ordering healthcare provider verbally.

Laboratory Issues

Quality Control

Controls

Laboratories find assembling a comprehensive array of
positive controls for the 1400 known class I and II alleles
difficult or impossible. Most laboratories acquire examples
of the more-common alleles for use in quality control over
time in the course of clinical and research typing. The
NMDP and the American Society for Histocompatibility
and Immunogenetics (ASHI) maintain a cell repository of
a subset of known alleles (http://www.ashi-hla.org/). If
controls for an allele cannot be obtained, alternative
approaches include testing reagents such as SSOPH probes
with related targets that have an identical sequence at a site
of interest. Since HLA alleles in aggregate form a combi-
natorial array of possible sequences in the polymorphic
regions, there are generally many opportunities to use 
surrogate alleles as positive controls in this manner.

Contamination

Potential contamination of pre-PCR work areas and
reagents with extraneous genomic DNA or previously
amplified PCR products is a problem HLA laboratories face
in common with other clinical molecular laboratories.
Appropriate measures to prevent contamination have been
widely described (see chapter 49); such information is
available at the ASHI Web site (http://www.ashi-hla.org/).
Testing for contamination arising from PCR products pre-
pared in SSP-PCR may be difficult. The products prepared
in the many reactions necessary to type an individual vary
in size and composition so that a general way to test for
their presence may be difficult to devise.

Certifications of Laboratories and Professionals

Clinical histocompatibility laboratories are high-
complexity laboratories that must be licensed under CLIA.
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Laboratories may be inspected and accredited by the College
of American Pathologists (CAP) or by the ASHI. UNOS,
NMDP, and CLIA have all designated ASHI with deemed
status for purposes of accreditation of HLA laboratories.
Laboratories are generally directed by individuals with PhD
or MD degrees or both. ASHI administers a program to
assess the qualifications of doctoral-level individuals to
direct ASHI-accredited laboratories. Directors can be 
certified by examination administered by the American
Board of Histocompatibility and Immunogenetics (ABHI).
The ABHI also certifies laboratory staff as histocompatibil-
ity technologists and specialists (http://www.ashi-hla.org/).
The National Credentialing Agency and the American
Society for Clinical Pathology have certification programs in
molecular pathology for technologists.

Proficiency Testing

Three proficiency testing programs are available in the
United States. The CAP, the ASHI, and the Southeastern
Organ Procurement Foundation offer comprehensive pro-
grams to assess laboratories’ ability to correctly identify HLA
alleles. Proficiency testing samples are typically peripheral
blood samples for which laboratories can perform low-
resolution or allele-level typing at one or several of the HLA
class I and class II loci. These organizations also offer chal-
lenges for other histocompatibility laboratory tests such as
cross matching. Results from a number of years of DNA-
based HLA allele identification proficiency testing challenges
have demonstrated that participating laboratories gene-
rally achieve 90% to 100% consensus. The University of
California, Los Angeles (UCLA) has offered an international
cell exchange program for many years. Laboratories are chal-
lenged to correctly type samples that often include unusual
or recently described alleles. An important attribute of the
UCLA cell exchange program is its ability to allow correla-

tion of serologic and DNA-based results for a tested 
sample.
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Chapter 49
Molecular Pathology Laboratory Management
Hanna Rennert and Debra G.B. Leonard

tissue, respectively, while molecular testing for a genetic
disease can be performed on most accessible tissue types.
In addition, because genetic testing examines germline
mutations, it has important implications not only for the
individual but also for family members that may have
inherited the same mutation. Genetic testing also raises
ethical concerns, including informed consent, potential for
employment or insurance discrimination based on test
results, and beginning-of-life issues with prenatal testing.
Genetic test results often are not definitive, requiring
complex risk-assessment calculations for interpretation.
The American College of Medical Genetics (ACMG) and
the American Society of Human Genetics (ASHG) have
published guidelines and recommendations for many of
the more common single-gene disorders (Table 49-2).

Genetic Testing

Molecular genetic testing is currently used for the follow-
ing major clinical purposes: diagnostic, carrier, prenatal,
and presymptomatic DNA testing.2

Diagnostic testing is performed on affected individuals
for establishing or confirming a clinical diagnosis. Because
these DNA tests are gene specific, the patient should have
symptoms consistent with the disorder to justify perform-
ing the test. Genetic tests may be useful for diagnosis with
an early atypical clinical presentation, or when other diag-
nostic procedures are more expensive or complex. For
example, molecular testing for the absence of the survival
motor neuron 1 (SMN1) gene for spinal muscular atrophy
(SMA) in hypotonic newborns is a simple procedure per-
formed on peripheral blood lymphocytes (PBL), replacing
the need for a more painful and complex muscle biopsy.

Carrier testing is used to detect recessive mutations 
in healthy individuals to identify the risk of having an
affected child. This application can be used for individuals
with a family history of a genetic disorder, or for popula-
tion screening. Testing of an affected family member can
identify the specific mutation present in a family, thus

553

Introduction

Currently more than 800 laboratories perform nucleic
acid–based tests of human samples for the identification 
of genetic diseases, malignancies, infectious organisms,
patient or sample identification, and human leukocyte
antigen (HLA) typing.1 The operation of a clinical molec-
ular pathology laboratory requires integration of expertise
in medical, scientific, and clinical molecular pathology,
resources including facilities, equipment, and personnel,
and skills in organization, administration, management,
and communication. Quality service is achieved by adher-
ence to clinical laboratory regulations, from specimen col-
lection and processing to reporting of patient results. This
chapter reviews fundamental knowledge important for the
management and operation of a clinical molecular pathol-
ogy laboratory.

The Role of the Molecular 
Pathology Laboratory

Molecular pathology laboratories perform tests for differ-
ent clinical purposes, including genetics, cancer, and infec-
tious diseases. Although all applications share the use of
nucleic acids as the main analyte, the different types 
of testing require different management considerations
(Table 49-1). Considerations relevant for each type of test
performed in molecular pathology are reviewed.

Genetic Disorders

All diseases have a genetic contribution, whether it is a
specific genetic disease or an increased likelihood for
developing a medical condition. Genetic disorders are pri-
marily caused by mutations present in every cell of an indi-
vidual. Molecular testing for neoplasia or an infectious
disease requires a sample of the tumor or the infected
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allowing directed testing for other family members and
improving the accuracy of the risk assessment for individ-
uals with a negative test result. In contrast, population
screening focuses on the most prevalent mutations, often
with different sensitivity of mutation detection for differ-
ent ethnic populations.

Prenatal testing refers to the detection of disease muta-
tions in a fetus, using fetal cells obtained by amniocentesis
or chorionic villus sampling (CVS). To overcome some of
the problems associated with pregnancy termination of an
affected fetus, some laboratories offer preimplantation
genetic testing in the setting of in vitro fertilization for
couples with a family history of a specific genetic disease.
Preimplantation genetic testing is performed on a single
blastomere from an early embryo, allowing selection of
only unaffected embryos for implantation.

Presymptomatic testing is used primarily for the
identification of adult-onset dominant disorders prior to
the onset of clinical symptoms, in which the offspring of
an affected parent has a 50% chance of inheriting the
disease. This category includes neurological diseases such
as Huntington disease and some types of cancer. Presymp-
tomatic testing is the most problematic and challenging 

in terms of its psychological effect on the individual 
and hence requires extensive protocols for pre– and
post–genetic test counseling.

Genetic testing requires special attention to informed
consent issues, the appropriateness of the testing, and the
urgency of testing. Many laboratories choose to require
documentation of informed consent for the specific genetic
test being requested prior to performing the genetic test.
Informed consent can be documented by obtaining the
completed consent form or a copy of the completed consent
form, or by confirmation by the physician on the requisi-
tion form that informed consent is on record in his or her
medical office. Until informed consent is documented, the
laboratory can extract and store the appropriate nucleic
acid, but only after confirmation of informed consent can
the laboratory perform testing. The diagnostic laboratory
also should review the requisition form to determine
whether the test is appropriate for the specific patient.
For example, carrier testing of a minor should be deferred
until the minor is an adult, so should prompt a call to the
referring clinician. Similarly, a request for testing of an
asymptomatic individual for a dominant disease requires
confirmation of adequate presymptomatic genetic coun-
seling. For prenatal test requests, gestational age should be
assessed to assure that the test result is available to allow
for termination of the pregnancy if this is the family’s
choice. Finally, the laboratory should understand and com-
municate to healthcare providers the sensitivities and lim-
itations of the tests performed.

Ethical Considerations, Genetic Counseling,
and Informed Consent

Despite the tremendous advances in understanding of
the human genome, the benefit of genetic testing for the
patient is not always clear. Testing may be warranted, even
if the results are inconclusive or preventive strategies or
treatments are not available.3 The availability of individual
genetic information raises critical ethical, legal, and social
issues because genetic testing examines the patient’s own
genetic makeup, rather than acquired (somatic) genetic
abnormalities or infectious agents, with implications for
other family members. Recently, after intensive lobbying by
various advocacy organizations including health profes-
sionals and industry leaders, the Senate passed the Genetic
Information Nondiscrimination Act of 2005 (S 306),4

although the House of Representatives version of the
nondiscrimination bill (HR 1227) has yet to be passed. This
federal legislation would prevent health insurers and
employers from using information to determine eligibility,
set premiums, or hire and fire employees, and would ensure
that genetic information is used for the benefit of the
patient. The bills also encourage individuals to take advan-
tage of genetic screening, counseling, testing, and new ther-
apies that will result from the scientific advances in the
field of genetics.

Table 49-1. Special Considerations in Molecular Pathology
Testing Stratified by Clinical Application

Application Considerations

Genetics Ethical issues (presymptomatic and prenatal 
testing)

Consequences for family members
Informed consent requirements
Requirements for family-related information 

(ethnicity, pedigree, specimens)
Time sensitivity (prenatal diagnosis)
Complex risk-assessment calculations

Oncology Many types of samples
Extensive use of paraffin-embedded tissue 

samples (familiarity with limitations)
Need for diagnostic samples for optimal 

interpretation of minimal residual disease 
test results

Infectious High-volume testing
diseases Use of automated platforms

High cost of commercial in vitro diagnostic 
test kits

Increased need for quantitative testing with a 
wide dynamic range and low detection limit

Identity testing Chain-of-custody documentation for
specimens

Special patient-identification requirements
Complex calculations
Special accreditation for paternity and forensic 

testing
Special qualifications required for the 

laboratory director

HLA testing Time sensitivity (≤24 hour-turnaround-time)
Complex analyses
Special accreditation by the American Society 

for Histocompatibility and Immunogenetics 
(ASHI)
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Table 49-2. Professional Organizations and Standards for Molecular Pathology Laboratories

Organization Standards and Guidelines

Centers for Medicare and Medicaid Mandatory federal guidelines for regulating laboratory testing via the Clinical 
Services (CMS; http://www.hcfa.gov) (formerly Laboratory Improvement Amendments of 1988 (CLIA’88)

Health Care Finance Association, HCFA)

American College of Medical Genetics Standards and guidelines for clinical genetic laboratories 
(ACMG; http://www.acmg.net) Gene patents and accessibility of genetic testing

Policy regarding genetic testing of minors
Storage and use of genetic materials
Recommended standards for interpretation of sequence variations
Recommendations and guidelines regarding genetic testing for fragile X syndrome,

apolipoprotein testing for Alzheimer disease, Prader Willi-Angelman syndrome,
Canavan disease, cystic fibrosis, Huntington disease, venous thromboembolism (factor 
V Leiden and prothrombin), congenital hearing loss, colon cancer, and breast and 
ovarian cancer

American Society of Human Genetics (ASHG; Educational resources in human genetics
http://www.ashg.org) Legislation for genetic information nondiscrimination

American Society for Histocompatibility and Standards for molecular histocompatibility and immunogenetic testing
Immunogenetics
(ASHI; http://www.ashi-hla.org)

Clinical and Laboratory Standards Institute Molecular diagnostic methods for genetic diseases (MM1-A2)
(http://www.clsi.org) (formerly National Immunoglobulin and T-cell receptor gene rearrangement assays (MM2-A)
Committee for Clinical laboratory Standards, Molecular diagnostic methods for infectious diseases (MM3-A2)
NCCLS) Nucleic acid–amplification assays for hematopathology (MM5-A)

Quantitative molecular diagnostics for infectious diseases (MM6-A)

The College of American Pathologists (CAP; Recommendations for in-house development and performance of molecular tests
http://www.cap.org) Molecular pathology checklist for laboratory accreditation

Food and Drug Administration (FDA; Guidelines for industry registration and listing of analyte-specific reagents (ASRs)
http://www.fda.gov) Guidelines for laboratory development and reporting of tests using ASR

Premarket review templates for in-house-developed genetic tests
Guidelines for industry for manufacturing and validating molecular tests for 

the detection of HIV-1 and hepatitis C virus (HCV)

National Institutes of Health (NIH; Promoting safe and effective genetic testing in the
http://www.nih.gov) Unites States: final report of the task force in genetic testing

Secretary’s Advisory Committee on Recommendations to the secretary through the assistant secretary for health 
Genetics, Health and Society (SACGHS; on all aspects of the development and use of genetic tests
http://www.4.od.nih.gov/oba/sacghs.htm) 
(formerly Secretary’s Advisory Committee 
on Genetic Testing, SACGT)

Clinical Laboratory Improvement Setting new CLIA regulations for genetic testing
Advisory Committee (CLIAC;

http://www.phppo.cdc.gov/cliac/default.asp)

Centers for Disease Control and Guidelines and recommendations for laboratory testing of HCV and HIV
Prevention (CDC; http://www.cdc.gov) Data collection of genetic testing and results

Molecular genetic testing often requires interpretation
using complex risk-assessment calculations.5 Healthcare pro-
fessionals must correctly interpret laboratory test results and
be able to accurately convey the test results and interpreta-
tion to the patient, and the patient’s family, as appropriate.
Accurate communication of results to patients and families,
however, can be complex and time-consuming and therefore
may be performed by genetic counselors or clinicians trained
in medical genetics, rather than physicians without genetics
expertise. The benefits of this approach are illustrated by a
study in which one third of physicians misinterpreted a neg-
ative genetic test result for familial adenomatous polyposis
(FAP) and inappropriately suggested that the patients dis-

continue recommended aggressive surveillance.6 For these
reasons,most genetic tests should be ordered through health-
care professionals trained in genetics to ensure that the
benefits and risks of testing have been explained to the
patient during the informed consent process.7 This also
ensures that genetic testing is voluntary. Although obtaining
consent is primarily the responsibility of the referring clini-
cian, the diagnostic laboratory should consider requiring
documentation of informed consent.2 There are now pro-
posed changes to the Clinical Laboratory Improvement
Amendments of 1988 (CLIA) regulations specific for genetic
testing that include a requirement for laboratories to docu-
ment informed consent prior to performing a genetic test.8
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Confidentiality

In view of the risks of discrimination in health insurance
and employment associated with genetic testing,
confidential handling of genetic test results is important.
Discussion and communication of results must be limited
to authorized healthcare providers. Genetic test results
should be communicated verbally or faxed only to the
referring physician or genetic counselor. Faxing of results
is, in general, considered to be less confidential.2 Release of
any patient information, especially to nonhealthcare enti-
ties, must be authorized by the patient and documented. To
ensure the confidentiality of genetic test results, some
patients choose to personally pay for genetic testing rather
than use health insurance, which should be accepted by the
laboratory. The US Department of Health Human Services
has issued guidelines for ensuring the privacy of patients’
health information as part of the Health Insurance Porta-
bility and Accountability Act of 1996 (HIPAA).9 Breech of
patients’ confidentiality for any type of healthcare infor-
mation, not just for genetic information can result in 
litigation against the individual or the institution.

Cancer

Hematopoietic Neoplasms

Molecular hematopathology refers to molecular testing 
for leukemias and lymphomas to identify somatic DNA
alterations.10 These DNA changes are present only in the
affected population of hematolymphoid cells and are not a
part of the genetic makeup of the individual. The recent
development in polymerase chain reaction (PCR)-based
techniques has provided greater diagnostic sensitivity and
specificity for diagnostic testing, as well as for monitoring
of disease during and after therapy. Likewise, the ability 
to test very small amounts of nucleic acid has enabled the
use of a wide range of sample types, including paraffin-
embedded tissues (PETs). For molecular testing, however,
formalin fixation is optimal. In contrast to genetic tests,
which need be performed only once for an individual,
molecular oncology tests often are performed repeatedly
for initial diagnosis and during and after treatment. If
testing is not performed at the time of diagnosis, later
testing of the diagnostic specimen may be useful to
confirm a molecular marker for minimal residual disease
(MRD) testing. Molecular hematopathology results, when-
ever possible, are interpreted in the context of histopathol-
ogy, flow cytometry, and clinical findings.

Solid Tumors

As the molecular rearrangements and mutations that cause
specific solid tumor types are identified, the detection of
these mutations is used for diagnosis and MRD assess-
ment.11 Many of these molecular rearrangements were

identified through molecular characterization of specific
chromosomal translocations identified by cytogenetic
analysis of solid tumors, including bone and soft tissue 
sarcomas, such as alveolar rhabdomyosarcoma, Ewing
sarcoma, and synovial sarcoma. The expression of the
fusion transcripts for the more common translocations can
be detected by reverse transcription–polymerase chain
reaction (RT-PCR) testing. The preferred specimen for
sarcoma testing is frozen tissue because the optimal
analyte is RNA.

Specific somatic changes in solid tumors are used to
predict response to treatment. For example, genetic analy-
sis for loss of heterozygosity on chromosomes 1p and 19q
is used to predict response to treatment for oligoden-
droglioma tumors, the presence of which correlates with a
better outcome.12

Laboratory issues specific to solid tumor testing include
the use fresh or frozen tissue for RNA-based testing, the use
of microdissection to reduce the nonmalignant cell popu-
lation in the specimen, and working with small tissue spec-
imens such as needle biopsies.

Infectious Diseases

As molecular techniques have become routine, more and
more microorganisms are detected or characterized by
molecular testing.13 Molecular tests are especially suitable
for infectious agents which are difficult to culture and for
drug-resistance testing. Molecular methods also are useful
for viral quantitation as a part of monitoring response to
therapy, such as human immunodeficiency virus (HIV)
and hepatitis C virus (HCV) infections. Because some
infectious disease tests are high volume, and automated
instrumentation is being developed, commercial test kits
for many pathogen types are available. However, these
commercial infectious disease test kits are expensive.
Although improved patient outcome due to early diagno-
sis and treatment may outweigh laboratory expenses, such
savings have not been fully demonstrated. Finally, the need
for confidentiality protections for patients having HIV
testing has prompted specific federal and state legislation
to ensure the protection of patients and their families.

Identity Testing and HLA Typing

Identity tests use polymorphic DNA markers to establish
the identity of an individual or to determine an inheritance
pattern.14 Identity testing is used for several clinical appli-
cations including analysis of bone marrow engraftment
following bone marrow transplantation, maternal cell con-
tamination (MCC) studies for prenatal genetic testing,
paternity testing, and forensic identity testing. Paternity
and forensic identity testing, in particular, require 
additional considerations, including special accreditation
(reviewed in Table 49-2), director qualifications, chain-of-
custody documentation, verification of identity, familiarity
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with complex probability calculations, reporting of results,
and legal proceedings.

HLA typing is time-sensitive, requires 24-hour labora-
tory staffing, and involves complex anlysis of the test
results. Laboratories performing HLA typing require
special accreditation (see Table 49-2).

Regulatory Agencies

Laboratories performing clinical testing must comply with
numerous regulations. With the advent of the Clinical Lab-
oratory Improvement Amendments of 1988 (CLIA),15 all
laboratories are required to implement minimum quality
standards. Proof of meeting these standards (accredita-
tion), which may be done through voluntary accreditation
programs offered by professional organizations, is critical
to providing high-quality laboratory services. Molecular
diagnostic laboratories are faced with special challenges
due to the complex technical issues and ethical considera-
tions involved in DNA-based testing. Several regulatory
agencies are currently developing guidelines and standards
for molecular pathology tests (Table 49-2). Some of these
regulatory agencies and regulations are discussed.

CLIA and CLIA ’03

All clinical laboratory testing is regulated by CLIA. The
Congress passed CLIA to establish quality standards for all
clinical laboratory testing to ensure the accuracy, reliability,
and timeliness of patient test results.16 CLIA is “test-site
neutral,” meaning that the same regulations apply to any
location performing testing. Every laboratory examining
“material derived from the human body for the purpose of
providing information for the diagnosis, prevention, or
treatment of any disease” is subject to CLIA. Final regula-
tions to meet the law were published in 1992 in the Federal
Register.17 In 2003, new, extensively revised CLIA regula-
tions were published and nicknamed CLIA ‘03. The changes
include major reorganization and consolidation of the reg-
ulations by basing requirements on the flow of a patient
sample through the laboratory, and updating the require-
ments to accommodate new technologies.18

The Centers for Medicare and Medicaid Services (CMS),
formerly known as the Health Care Financing Administra-
tion (HCFA), in conjunction with the Centers for Disease
Control and Prevention (CDC), were originally charged
with developing and enforcing the CLIA regulations. CMS
continues to oversee much of these regulatory activities,
including laboratory registration, on-site inspection, train-
ing, and accreditation.

CLIA certificates are based on the complexity of the test
method and are divided into three main categories: waived,
moderate complexity, and high complexity. The level of
complexity is determined by assigning a numerical score
for each test or methodology based on numerous criteria

including the knowledge, training, and experience required
to perform the test, complexity of reagent and material
preparation, characteristics of the operational steps, avail-
ability of calibrators, controls and proficiency testing,
equipment and test system troubleshooting, and interpre-
tation of results. Under the new CLIA ’03 regulations,
however, all quality control and quality assessment 
requirements now apply equally to high- and moderate-
complexity laboratories, although some of the personnel
qualifications remain more stringent for high-complexity
laboratories.18 These criteria are considered to be key ele-
ments in performing clinical testing and can be found on
the Food and Drug Administration (FDA) Web site
(http://www.fda.gov/).

Molecular pathology tests are considered high-complex-
ity tests and as such must comply with CLIA requirements.
Some of the requirements for high-complexity tests include
qualifications of personnel performing and overseeing the
testing, procedure manual specifications, method verifica-
tion of performance specifications, proficiency testing,
quality assurance, patient test management, and inspection.
CLIA, however, does not provide specific guidelines for
molecular testing, and, therefore, each molecular pathology
laboratory is responsible for the development of a test man-
agement program according to CLIA criteria.

Voluntary Accreditation Organizations

CLIA regulations allow CMS to approve nonprofit, pro-
fessional organizations that have laboratory testing and
inspection standards equivalent to or more stringent 
than CLIA to inspect clinical testing laboratories in 
place of CLIA inspection. The two major organizations
providing CLIA inspections are the Joint Commission 
on Accreditation of Healthcare Organizations (JCAHO),
which accredits more than 80% of the US healthcare organ-
izations, and the Laboratory Accreditation Program of the
College of American Pathologists (LAP-CAP). The major-
ity of molecular pathology laboratories are inspected and
accredited by LAP-CAP. When a test site meets the accred-
iting agency’s requirements, as assessed by inspection, the
laboratory, in essence, is meeting CLIA requirements and
receives a CLIA license.

The College of American Pathologists

LAP-CAP accredits only laboratory test sites and not entire
healthcare organizations. LAP-CAP does not base its
requirements for accreditation on the different CLIA com-
plexity levels of testing; instead it requires that all testing lab-
oratories adhere to the same guidelines. LAP-CAP lists its
requirements and guidelines in checklists, each consisting of
a series of laboratory guideline questions. All laboratories
must follow the Laboratory General checklist and the
specific laboratory checklist, which corresponds to each
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specific laboratory section. In addition to general require-
ments concerning personnel qualifications, quality control,
test performance verification, and operation-related guide-
lines similar to CLIA, the Molecular Pathology checklist also
includes test- and application-specific guidelines. LAP-CAP
also requires laboratories to have a procedure manual for
each test or process, which complies with the Clinical and
Laboratory Standards Institute (CLSI; formerly National
Committee for Clinical Laboratory Standards, NCCLS) GP2-
3A.19 LAP-CAP-accredited laboratories must also participate
in a proficiency testing program when available, or perform
internal proficiency checks when an external proficiency
testing program is not available, for each test performed.

The Food and Drug Administration

In the United States, the FDA oversees regulation of
medical devices under the 1938 Federal Food, Drug,
and Cosmetics Act and subsequent amendments. Unless
specifically exempted, medical devices must “be properly
labeled and packaged, be cleared for marketing by the FDA,
meet their labeling claims, and be manufactured under
Good Manufacturing Practices (GMP), which is a man-
dated quality assurance system.” These rules concerning
the design, manufacturing, marketing, and surveillance of
medical devices can be found in the Code for Federal 
Regulations (CFR). The FDA also oversees some of the
functions related to laboratory operation, including
classification of tests as required by CLIA and review of
clinical laboratory test kits or systems.

The FDA and Genetic Testing

The recent growth of genetic testing, mostly developed and
performed by individual laboratories without FDA review,
has raised public concerns about the quality and clinical
usefulness of these tests. The Secretary’s Advisory Com-
mittee on Genetic Testing (SACGT) was established in 1998
to advise the secretary of the Department of Health and
Human Services (DHHS) on medical, scientific, ethical,
legal, and social issues raised by the development and use
of genetic testing. The SACGT, in conjunction with the
Clinical Laboratory Improvement Advisory Committee
(CLIAC), recommended that the FDA provide regulatory
oversight of laboratory-developed genetic testing. The vast
majority of genetic testing is performed using laboratory-
developed assays rather than by commercial FDA-
approved test kits, raising concerns about the quality and
clinical usefulness of these tests. As the first step in devel-
oping a review process for laboratory-developed tests, the
FDA developed a “test review template” for gathering data
on the use, performance, interpretation, and reporting of
laboratory-developed tests.20 Although this template was
well received by SACGT, the FDA determined that labora-
tory-developed tests were part of medical practice, which
is not regulated by the FDA, and did not develop a review

mechanism for laboratory-developed tests. A new commit-
tee has been formed, called the Secretary’s Advisory Com-
mittee on Genetics, Health, and Society (SACGHS), and the
committee has determined to monitor the activities of
CLIA and FDA for regulatory oversight of laboratory-
developed genetic tests.

Analyte-Specific Reagents

Although the majority of the FDA regulations for clinical
assays target commercially developed in vitro diagnostic
test kits intended for clinical use, the FDA issued regula-
tions for commercial reagents used in laboratory-
developed tests in 1997. The phrase “home-brew” assay21,22

has been used to describe a laboratory-developed test used
by clinicians for patient management. Although these reg-
ulations are not specific for molecular tests, almost all tests
in the molecular pathology laboratory are developed, vali-
dated, and performed without the use of FDA-approved
test kits. These tests are distinct from research assays that
have unproven clinical utility and cannot be used for
patient care. In 1997, the FDA developed regulations for
manufacturers of reagents used in laboratory-developed
tests. These reagents, termed “analyte-specific reagents”
(ASRs), serve as the key component for laboratory-
developed tests including molecular pathology tests, and
include primers or probes that hybridize to specific DNA
sequences. The manufacturers of ASRs are prohibited from
making statements about the analytic or clinical perform-
ance of the reagents, and validation of tests using ASRs is
the responsibility of the laboratory. The laboratory must
include a disclaimer in the patient report stating,“This test
was developed and its performance characteristics deter-
mined by (laboratory name). It has not been cleared or
approved by the U.S. Food and Drug Administration.” The
result of the ASR regulations has been an increase in the
availability of commercial reagents for molecular pathol-
ogy tests.

Elements of Laboratory Design

Successful laboratory operation requires optimal utiliza-
tion of space, appropriate equipment, qualified personnel,
adequate information system services, and financial 
management.

Facilities

The power of molecular testing is achieved by the use of
PCR as the main diagnostic procedure. A serious problem
in the clinical use of PCR is false-positive amplification 
or PCR contamination. Because the product of PCR
amplification serves as the substrate for the generation of
additional products, PCR amplification produces a very
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large number of amplicons that can potentially contami-
nate subsequent amplifications of the same target sequence.
This kind of contamination has been termed “carryover” to
differentiate it from contamination by genomic DNA. This
potential for PCR product contamination requires special
precautions. Therefore, the single most important step in
designing laboratory space for molecular pathology testing
is meticulous attention to the physical separation of the
pre-PCR and post-PCR work areas to minimize PCR 
contamination.23

The pre-PCR area, also referred to as a “clean room” or
“preamplification area,” is used for the pre-PCR steps of
sample receiving and processing, including extraction of
nucleic acids and setting up amplification reactions. The
post-PCR area, also considered a “dirty room” or “postam-
plification area,” is used for PCR amplification and analysis
of PCR products. The pre-PCR laboratory ideally contains
separate work areas for nucleic acid extractions and PCR
setup to minimize cross-contamination of patient nucleic
acid samples. Additionally, a containment unit, such as a
biosafety cabinet, may be used for setting up PCR reactions.
These cabinets usually are equipped with ultraviolet light
for reducing DNA contamination of the work area at the
end of reaction setup.

If possible, the air system for the pre-PCR and post-PCR
laboratories should be independent. Otherwise, air filters
can be installed in the inflow to the pre-PCR room air
system, which can be cleaned routinely. An additional
measure to limit PCR contamination is to maintain the pre-
PCR and post-PCR rooms at different air pressures. The
pre-PCR area is maintained at positive pressure, reducing
the entrance of airborne contaminants and PCR products,
while the post-PCR room is maintained at negative pres-
sure, reducing contaminants from exiting the room. If
installation of a pressure system is not possible, then the
two work areas can be located at a relative distance from
each other.

To comply with universal blood-borne pathogen pre-
cautions, nucleic acid extraction from patient specimens
can be performed in a closed safety cabinet. Specimens
known to contain infectious agents such as HIV and HCV
can be preferentially processed in a separate biological
safety hood. If organic solvents such as phenol, chloroform,
or xylenes are used, a chemical fume hood should be 
available in the work area. Within the pre-PCR laboratory,
RNA extractions should be physically separated from 
DNA extraction if DNA extraction uses RNase, which can
degrade RNA. All work areas should be cleaned daily with
10% bleach solution. In addition to pre-PCR and post-PCR
areas, the molecular pathology laboratory also may have a
neutral reagent preparation area (unless reagents are sep-
arately prepared in both rooms) and a data management
room for the processing, review, and reporting of test
results, which also may be performed in the post-PCR 
area.

To maximize use of space, equipment, technical expert-
ise, and trained technologists, all types of molecular

pathology testing (genetics, infectious disease, cancer, and
identity testing) can be consolidated into a single labora-
tory. Implementing a core molecular pathology laboratory
can reduce labor costs by approximately 30%24 as well as
reduce equipment costs and space requirements due to
duplication of these resources in several laboratories.

PCR Contamination Control

In addition to physical separation of the pre-PCR and post-
PCR areas, specific procedures are recommended for use of
PCR in the clinical laboratory. To ensure that PCR products
are not transferred from the post-PCR to the pre-PCR lab-
oratory, each should contain separate supplies and equip-
ment. Pipettes, instruments, and supplies should not be
transferred from the post-PCR to the pre-PCR area. This
separation of supplies and equipment also dictates the
workflow in the laboratory. PCR samples are first set up in
the pre-PCR room and then transferred to the post-PCR
room for PCR amplification and post-PCR analysis. Work-
sheets, once moved to the post-PCR area for post-PCR
analysis, can no longer be taken back into the pre-PCR area
and must be processed and filed in the post-PCR area or a
neutral area.

Reagents and solutions for sample preparation and PCR
work should be prepared with type I water only in the des-
ignated work areas. All reagents, except primers, deoxynu-
cleotide triphosphates (dNTPs), and enzymes, should be
purchased as sterile reagents or sterilized to prevent bac-
terial growth. Reagents, including autoclaved type I water
and 10 mM Tris-1 mM EDTA buffer (TE) used to dissolve
DNA, should be stored as small aliquots to minimize the
number of samplings from the same aliquot. Similarly,
oligonucleotides used for PCR amplification should be syn-
thesized and purified in a clean environment. To minimize
the number of sample transfers and the chance of sporadic
contamination and errors, PCR reagents, including
primers, dNTPs and buffers, can be combined into a “pre-
mixture master mix” (MM), divided into aliquots that are
appropriately labeled, and stored frozen at −20°C.23 Before
using for clinical testing, the MM aliquot must be tested to
ensure that it specifically amplifies the target sequence
without producing PCR products in the negative “minus
DNA” controls. A “minus DNA” negative control tested last
in each run ensures the lack of DNA contamination in PCR
reagents.

Although carryover of amplified sequences contributes
to the majority of false positives, cross-contamination
between samples can also be a factor. Consequently, pre-
cautions must be taken not only during the setup of PCR
amplification reactions but also in all aspects of sample
handling, from sample collection to sample extraction. For
good laboratory practice, gloves should be changed fre-
quently, at least when entering or reentering the pre-PCR
area and whenever the technologist notes the gloves to
have been contaminated. Technologists should wear 
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protective clothes to prevent operator-borne spread of con-
taminating DNA products, with separate protective clothes
(i.e., laboratory coats) for the pre-PCR and post-PCR areas.

To minimize aerosolization of PCR products, PCR tubes
should be pulse-centrifuged before opening. Micro-
centrifage tube caps should be opened using both hands,
and not flicked open with the thumb of the same hand, to
prevent aerosilization. Because cross-contamination of
pipettors can lead to false-positive results and to minimize
aerosolization, aerosol barrier tips are used for all pre-PCR
steps. MM and other nonsample components should be
added to the reaction tubes before the DNA samples are
added; DNA should be added last and each tube capped
before the technologist proceeds to the addition of the next
sample. Positive and negative control DNA or RNA should
be the last reaction tubes to be set up, after the patient
sample reactions are set up and closed.

Another approach to minimize carryover of PCR 
products is to synthesize all PCR products with deoxyuri-
dine triphosphate (dUTP) in place of deoxythymidine
triphosphate (dTTP). Prior to amplification, the PCR reac-
tions are treated with uracil-N-glycosylase (UNG), which
will degrade uracil-containing amplicons, allowing amplifi-
cation only from thymidine-containing target DNA.25 Some
commercially available test kits incorporate this process
into the kits.

Equipment

The equipment required for molecular pathology testing 
is rarely manufactured for clinical use. Most equipment 
is designed for research and adapted for clinical use.23

Nucleic acid extractions may be performed manually,
although for higher-volume testing, automated extraction
instruments are available and have demonstrated variable
success for the clinical laboratory. PCR can be set up man-
ually in biosafety cabinets; for higher-volume testing,
robotic systems are available. Robotic systems, however,
have reagent dead volumes that increase reagent wastage.
Thermal cyclers are standard equipment in the molecular
pathology laboratory, and the number required depends on
the work volume. Post-PCR analysis is highly variable,
although electrophoresis apparatus is commonly used.

New specialized equipment for post-PCR analysis
includes automated sequencers or capillary electrophore-
sis instruments, chemiluminescent or colorimetric plate
readers, real-time PCR instruments, and denaturing high-
performance liquid chromatography (DHPLC) instru-
ments for mutation screening. Most of the available viral
load tests are performed using commercial kits, which
require the use of specific instruments supplied by the test
kit manufacturer. Because of the high level of testing com-
plexity and the concern of PCR contamination, researchers
or personnel not trained in molecular pathology should
not use the clinical molecular pathology equipment.

Because these instruments are used for clinical testing,
they require rigorous surveillance and prompt technical

support by manufacturers who are not always aware of the
critical clinical testing issues. In addition, these instru-
ments require ongoing maintenance. Most maintenance
procedures are defined by the manufacturer and include
temperature checks of the PCR wells for thermal cyclers
and calibration of pipetters. In the absence of manu-
facturer’s guidelines, the laboratory should set up its 
own maintenance program in consultation with the 
manufacturer.

Personnel

Personnel Qualifications

Effective laboratory operation requires well-trained staff
and a good management team. CLIA regulations specify
that for high-complexity testing, individuals for the posi-
tions of director, technical supervisor, and testing staff
must have specific qualifications.

The director, as listed on the CLIA certificate, in 
addition to having 2 years’ experience supervising a high-
complexity laboratory, must be a licensed doctor of
medicine, osteopathy, or podiatry or have a doctoral degree
in one of the biological, chemical, physical, or medical sci-
ences. The laboratory director is responsible for the overall
operation and administration of the laboratory, including
the development and implementation of new tests, current
procedure manuals, quality control and training programs
for staff, and teaching residents.

The technical supervisor establishes the quality stan-
dards of the laboratory by selecting and monitoring
methods and instrumentation and documenting the 
competency of laboratory personnel, while the general
supervisor provides day-to-day supervision of testing, per-
sonnel, and reporting of results. The qualifications for these
positions range from a licensed doctor to an individual
holding a bachelor’s degree in science plus specific train-
ing or experience or both. The laboratory also may have
clinical consultants, who must hold a medical or doctoral
degree in a relevant discipline with appropriate experience
in molecular testing. The Genetic Workgroup (GW) of
CLIAC, created in 1998, reviewed personnel qualifications
and recommended including specific genetic experience
and board certification for supervisors who oversee
genetic testing.20

Testing personnel who perform high-complexity testing
must have an associate’s degree in laboratory science or
medical laboratory technology, or education and training
equivalent to an associate’s degree. The laboratory tech-
nologists are responsible for all tasks associated with the
daily operation of the laboratory, including specimen
receiving and processing, testing, identifying problems and
troubleshooting, maintaining equipment, and document-
ing quality control procedures. In addition, they are
required to work according to established procedures in
adherence with the quality control standards implemented
in the laboratory to comply with CLIA, CAP or other reg-
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ulations. Because there are very few commercially available 
molecular test kits, molecular pathology technologists
perform much of the development of new tests, as well as
validation of commercial molecular kits used for clinical
testing.

Because of the high level of desired expertise, technolo-
gists also need to be encouraged to attend educational
courses to obtain the appropriate background in molecu-
lar pathology and the skills required for performing these
tests. For the same reason, it is also crucial for the 
senior management of the laboratory to acknowledge 
the staff, encourage personal growth, and create new 
mechanisms for promotion. Although some of these rec-
ommendations represent the authors’ personal views and
may present a burden in the stringent financial environ-
ment of many healthcare institutions, the cost of training
new technologists is higher than that of creating an envi-
ronment that promotes job satisfaction and employee
retention.

Genetic Counselors

The role of the genetic counselor is to assess the need for
genetic testing through family history, inform the patient
about the specific risks and benefits of specific genetic
tests, order the tests, and communicate the results to the
patient. Although the genetic counselor is traditionally a
part of the clinical medical genetics service, an increasing
number of test sites use genetic counselors as a link
between the patient and healthcare providers and the 
laboratory.

Resident and Fellow Training in 
Molecular Pathology

Pathology residency programs are required to provide
molecular pathology training to residents. Because the
molecular biology knowledge and practical experience of
pathology residents is highly variable, the Association for
Molecular Pathology (AMP) Training and Education Com-
mittee generated general goals for molecular pathology
resident training programs. AMP molecular pathology
training recommendations for residents include basic
knowledge in human genetics and molecular biology,
which are relevant to all aspects of molecular testing,
specific technology information, as well as knowledge of
specific molecular pathology tests.26 Because molecular
pathology training time can be brief (1 to 3 months), train-
ing may need to be accomplished through didactic lectures
that encompass the tests performed in the laboratory as
well as basic concepts in molecular pathology and tech-
nology, rather than more extensive practical experience.

Education of fellows requires broader training,
resources, and time. The increasing importance of this field
for clinical practice and the desire to undergo formal
molecular pathology training led to the development of fel-

lowship training programs and professional certification
by several professional boards, specifically the American
Board of Medical Genetics (ABMG) and the American
Board of Pathology (ABP). Official training programs in
clinical molecular genetics by the ABMG and in molecular
genetic pathology (jointly by the ABMG and the ABP) are
accredited by the Accreditation Committee on Graduate
Medical Education (ACMGE). Official accreditation of
either of these training programs requires filing of a
program application with review and on-site formal
inspection by an ACMGE representative.27 The goal of these
programs is to provide structured educational training for
qualified individuals seeking to integrate molecular genetic
pathology into their clinical practice experience in all
current aspects of the field, including basic science, diag-
nostic laboratory procedures, laboratory management, and
consultation. To be eligible for the examination, fellows
should have a strong background in molecular biology 
and molecular genetics as well as practical experience, and
should be able to use this information for diagnosis 
and management of genetic disorders, infectious diseases,
malignancies, identity testing, and HLA typing.

Residents and fellows can contribute significantly to the
daily operation of the laboratory, including acquisition of
clinical information and communication of test results.
In addition, they can assist with the development and
implementation of new tests, according to the skill level 
of the trainee and as time permits. In return, they gain 
new expertise that may be an advantage when seeking
employment.

Staff Training and Accreditation Programs

Appropriate technical staff training is vital to the suc-
cessful operation of a molecular pathology laboratory.27

Accreditation programs in medical genetics and molecular
pathology ensure that members of the laboratory staff are
well trained for performing their assigned roles. Individu-
als who want to practice clinical molecular pathology have
several options, depending on their initial education.

Individuals who hold a medical or doctoral degree and
are interested in directing a molecular pathology labora-
tory can be certified by the ABMG. ABMG is a member of
the American Board of Medical Specialists (ABMS) that
provides certification in all medical specialties. Certifica-
tion in clinical molecular genetics requires passing of a
general examination in medical genetics as well as a sub-
specialty examination in clinical molecular genetics. Indi-
viduals must have a doctoral degree (MD or PhD) and must
have completed 2 years in an accredited genetics program
to be eligible to take the ABMG examination for certifica-
tion. In addition, candidates must provide a record
(logbook) documenting their involvement in 150 clinical
molecular genetic cases, which is approved by the fellow-
ship program director. The examination is offered every 3
years.
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In 1999, the ABMS approved a new subspecialty in
molecular genetic pathology (MGP) offered jointly by the
ABMG and the ABP. Candidates for this certification must
hold a medical degree, have board certification in their
specific field of medical genetics or pathology, have a valid
license to practice medicine in the United States, and have
completed a year of training in an accredited MGP fellow-
ship training program. The first MGP examination was
given in 2001; the test is given biannually. MGP training
programs are accredited based on standards developed
jointly by the ABP and the ABMG.

The American Board of Clinical Chemistry (ABCC) has
a certification program in molecular diagnosis, which was
offered for the first time in 2000. This certification is
offered biannually to individuals who hold doctoral
degrees and practice in any one of several clinical labora-
tory specialties.

Certification in molecular diagnosis is offered to
medical and molecular biology technologists by the
National Credentialing Agency for Laboratory Personnel,
Inc (NCA). The examination is given biannually and is
useful for clinical molecular laboratory staff, particularly
the senior technical staff who become certified laboratory
specialists in molecular biology. The American Society of
Clinical Pathology certifies technical staff as a technologist
in molecular pathology, based on qualification for the
examination by several routes.

Financial Management

Molecular pathology testing is a market with growing gross
revenue, which requires an understanding of the influence
of finances on the technical aspects of the laboratory.
Because many clinical molecular pathology laboratories
are part of healthcare systems, they are constantly sub-
jected to limiting managed care contracts and reduced
reimbursements, and as such, they are often viewed as cost
centers. Molecular pathology laboratory management
should develop cost-effective business plans that present
molecular pathology testing in the context of the clinical
programs this testing supports, if the testing is not inde-
pendently cost-effective, such that hospital administration
views the laboratory as a revenue center.

Cost Analysis

In the current restrictive medical economic environment,
the decision to perform a specific test must include busi-
ness (financial) as well as medical considerations. The eval-
uation process for deciding to implement a new test or
deciding to discontinue a current test should include a cost
analysis. The charges for a test are determined mostly by
the costs of performing the test and the value of the test in
the market (demand).A cost analysis should account for all
expenses associated with performing a given test. In a

structured approach, a standard template can be developed
and used to price any new test based on the cost for each
step of the testing process.

Cost analysis involves two main types of expenses: direct
expenses and indirect expenses.28 The direct expenses enu-
merate all costs directly related to the testing, including
equipment, reagents, consumables, salary, and benefits. The
calculation of reagent costs is based on the known volume of
reagent used and the cost per volume, including reagents for
controls and dead volumes. For manual, low-volume testing,
the largest component of direct cost is labor, which can com-
prise up to 90% of the total direct test cost. Laboratory labor
cost calculations are generally done using the hands-on tech-
nologist time needed to perform the test multiplied by an
average hourly salary rate plus the appropriate benefit rate.
For example, the cost for a PCR-RFLP test should take into
consideration the time required for specimen accessioning
and storage, DNA extraction, PCR setup, post-PCR analysis,
interpretation, and reporting of results, usually an average of
6 to 8 hours of technologist time, which is divided by the
number of samples tested at the same time to reach the labor
cost per test.

Indirect costs include overhead, such as licensing fees,
royalties, supervisory and administrative salaries, equip-
ment maintenance fees, building services (such as electric-
ity, phones, heating, etc.), marketing, and information
system requirements. These costs are more difficult to
determine and are not usually a part of the routine cost
analysis for academic laboratories. Accurate determination
of laboratory costs is important for assessing profitability.

Billing

Billing for molecular pathology tests follows the same
guidelines as billing for other pathology laboratory serv-
ices, requiring a Current Procedural Terminology (CPT)
code and an International Classification of Diseases (ICD-
9-CM) diagnostic code. The ICD-9 code, which is required
for payment, should be provided by the requesting physi-
cian when a test is ordered, while the pathologist is respon-
sible for using the appropriate CPT codes for billing of test
services. CPT coding of molecular pathology tests, other
than most molecular infectious disease tests which have
single test-specific CPT codes, is based on a combination of
several CPT codes for the various procedural steps that are
performed as part of a molecular test. For example, nucleic
acid extraction, amplification, and electrophoresis all have
separate CPT codes. A single test using all of these proce-
dures is billed using a combination of all the appropriate
CPT codes, used multiple times as needed, with the addi-
tion of a modifier code following a hyphen at the end of the
primary CPT code. Most molecular CPT codes describe a
molecular procedure rather than a specific method. For
example, a nucleic acid extraction can be performed for
RNA or DNA, using different procedures, each bearing a dif-
ferent cost. Therefore, the same CPT code can be associated
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with different billing fees, although the Medicare reim-
bursement rate remains fixed. Additionally, each procedure
(or CPT code) can be billed more than once within a single
test, depending on the number of times the procedure was
performed. For example, a PCR-RFLP test for the detection
of two mutations associated with hereditary hemochro-
matosis would be coded using one DNA extraction code,
two PCR amplification codes, two restriction enzyme diges-
tion codes, one gel electrophoresis code, and one interpre-
tation and report code.A complete list of the CPT codes can
be found in the Physician’s Current Procedural Manual, pub-
lished by the American Medical Association.29

Pathogen-specific codes are available for molecular
infectious disease tests, such as HIV-1, HCV, and hepatitis
B virus viral loads, for which all steps of the procedure
(extraction, amplification, detection, and reagents) are
covered by a single CPT code. When specific CPT codes 
are available for a pathogen type, three coding options are
available based on the testing method used, specifically for
probe hybridization, amplification, or quantification. Infec-
tious disease tests without pathogen-specific CPT codes are
coded using a combination of method-based CPT codes.

For molecular pathology tests requiring professional
interpretation, the professional component is coded using
the interpretation and report CPT code (83912) with a
modifier, “-26,” to differentiate the billing from the techni-
cal component, reported with a “TC.”

Reimbursement for molecular pathology tests is dic-
tated, to a large extent, by the reimbursement policies of
CMS, which are generally followed by third-party payers
such as insurance companies. FDA approval is not neces-
sary for billing of molecular pathology tests; however, some
third-party payers may not reimburse for tests that are not
FDA approved. In addition, billing Medicare for tests using
a non-FDA-approved commercial test kit is fraudulent;
while billing for tests performed using ASRs is not. Due to
the low reimbursement rates for molecular tests, some
molecular pathology laboratories will not perform tests for
patients from other institutions without billing the sending
institution or pre-payment by the patient, which usually
guarantees full payment.

Patent

Another consideration prior to the implementation of a
new test is the patent status of the test. Patents can cover a
specific method of testing for an analyte, any method of
testing for an analyte, or a mutation-gene-disease associa-
tion in general. The most common royalty payments for
molecular pathology laboratories are payments for the use
of the PCR method and Taq polymerase, licensed by Roche
Diagnostics, Inc. Many diagnostic tests use PCR. Royalty
payments for use of Taq polymerase range from 9% to 15%
of the amount billed or reimbursed for a test, and gener-
ally are higher for commercial laboratories than for aca-
demic laboratories.

Of special concern are patenting and licensing of patents
for mutations in specific genes associated with disease.
Examples of such patents include apolipoprotein E 
genotyping for Alzheimer disease, Canavan disease, and
Charcot-Marie-Tooth disease type 1A. Patenting imposes a
significant risk to the molecular pathology laboratory
because the number of diagnostic patents, particularly in
the area of medical genetics, has greatly increased in recent
years. Many clinically relevant DNA sequences are
patented, and the terms of use offered by the holders vary
considerably; in some instances, a laboratory will be unable
to perform a test because the patent is exclusively licensed
to another laboratory. Thus, a laboratory considering
implementation of a new molecular test first may conduct
searches of existing patents and patent applications to see
whether the new test infringes on existing or pending
patents. Typically, patent attorneys employed by the
medical center conduct patent searches. Internet resources
provided by the US Patent and Trademark Office
(http://www.uspto.gov) allow laboratories to perform
searches directly. If a patent exists that covers any part of
the molecular test to be implemented, the laboratory or
medical center must negotiate an agreement for clinical
testing with the patent holder or licensee, if the patent
holder will grant a license. Licensing agreements may
include royalty payments that increase the cost of the test,
and limitations on the use of the test or the volume of
testing the laboratory can perform. For this reason, many
molecular pathology leaders argue that patented genetic
tests should be broadly licensed at affordable costs to allow
any qualified clinical laboratory to perform the tests.

Laboratory Information Systems

Most molecular pathology laboratories require a computer
information system to handle the large volume of data that
is both received and reported. Selecting and installing a
laboratory information system (LIS) is a lengthy and labor-
intensive process, usually performed by the department or
institution rather than by the laboratory. The application
software allows users to perform tasks that are specific to
the laboratory operations. These tasks include registering
patients and accessioning specimens, ordering laboratory
tests, reporting test results, and tracking quality control
data (Figure 49-1). In addition, the LIS facilitates use of
appropriate templates for billing and reporting of results.
The primary function of the LIS application is manage-
ment of the database of patients and laboratory test results.
The most-used system is a relational database management
system, which links all the data in tables related to one
another by common elements. This kind of structure
allows the technologist, for example, to quickly produce a
list of only those patient specimens that are going be tested
for a particular test. When two or more tables contain the
same primary field (patient identifier), information can be
retrieved from multiple tables. For example, to monitor
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engraftment after allogeneic bone marrow transplant, the
entire list of test results and dates of testing can be obtained
for any particular patient. Because departmental LIS
systems are not designed to meet the specific information
requirements of the molecular pathology laboratory, many
molecular pathology laboratories also use networked per-
sonal computers (PCs) for data management. These PCs
are mostly used as tools for running standard applications,
such as word processing, spreadsheets, and other special-
ized applications, for example, sequencing and genetic
risk-assessment applications. Since, however, molecular
pathology laboratories have unique data management
requirements, a separate patient database may be main-
tained on the laboratory PCs. To reduce transcription
errors and eliminate the labor-intensive work of retyping
patient information and test results, laboratory PCs should
be interfaced with the LIS system to allow direct transfer
of test results for each patient. Furthermore, some molec-
ular pathology instruments, such as the COBAS system
(Roche Diagnostics) for HIV-1 and HCV testing, can be
interfaced directly to the LIS. The results, collated with
specimen identification, are automatically transferred to
the LIS, followed by verification by laboratory personnel
and report release for clinical use.

To improve laboratory operations, many quality control
activities can be performed using the LIS, including mon-
itoring of turnaround time, control results, and statistics.
Procedures and other documentation can be maintained
and managed by the laboratory computer as well. Security
and access control are crucial components of the LIS.
Access control (passwords) and patient confidentiality
(limiting access to only those who need specific informa-
tion) are some of the tools required to maintain patient
confidentiality.

Test Management

Choice of Test Menu

The menu of tests for molecular pathology laboratories
varies significantly and is determined by three principal
factors: clinical requirement and usefulness, laboratory

competency, and test costs. Other factors that affect the
decision about adding a new test include the prevalence 
of the disease, the mutation(s) causing the disease, the
number of different mutations associated with the disease,
availability of ASR or FDA-approved test kits, complexity
of testing, equipment requirements, and existence of
patents that apply to the test. Each of these items requires
serious consideration and support on behalf of the 
institution.

The clinical requirement and usefulness of a test are
defined by the significance of the test result for disease
diagnosis and clinical management. For example, HIV viral
load testing is widely used because it provides immediate
information regarding the patient response to treatment
and prognosis. Likewise, population-based genetic screen-
ing for cystic fibrosis (CF), now offered to all individuals
and couples of childbearing age, provides immediate infor-
mation about a couple’s risk for an affected child.30

“Competency” refers to the availability of skilled 
laboratory personnel who can perform, supervise,
troubleshoot, and correctly interpret molecular tests.
For example, RT-PCR-based tests require knowledge not
only of PCR but also of RNA processing in the clinical 
laboratory.

Test costs are another important factor for selection of
tests to offer. Generally, when the cost of a test is low and
the volume is high, a test will have a profit margin. A
common issue is deciding whether to perform the test or
to use a reference laboratory for a specific test. This usually
requires a break-even analysis to determine the point
(threshold) at which there is no profit or loss for perform-
ing the test, taking into consideration the cost of the test,
the expected revenue, and the expected volume of testing.
Rare or urgent tests may be more expensive since tests 
are run individually rather than batched analyses, as can
be done in a reference laboratory, with combined test-
ing from many sites. In contrast, high-volume tests are
likely to be profitable when performed by an individual 
laboratory.

The prevalence of the disease or mutation in the popu-
lation affects the testing volume and therefore the number
of laboratories that perform a specific test. The laboratory,
however, may choose to test for less-common diseases or

Patient test management

Information management Operational management QC/QA management

Patient demographics
Clinical information
Billing information

Test results

Test  ordering and billing
Tracking consents

Requesting missing information
Reporting test results

Document QC/QA problems
Statistics
QI reports

Monitor test turnaround time

Figure 49-1. Organizational chart for LIS-based
molecular pathology testing management.
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mutations if it receives a sufficient specimen volume to
make the testing cost-effective. For example, some labora-
tories offer comprehensive testing for neurological diseases
when there is specific clinical expertise at their medical
center, or with inclusion of clinical samples referred to 
the laboratory from other sites in the United States or 
internationally.

The number of different mutations in one or more genes
accounting for a disease is a consideration for testing. In
general, the greater the number of mutations in a single
gene or the number of different genes that can cause a
disease, the more complex and labor-intensive testing
becomes. Therefore, for common disorders, such as CF,
commercial kits are available that detect 25 of the more
common mutations in the CFTR gene, requiring substan-
tially less time for test development than laboratory-
developed methods or complete CFTR gene analysis.

Ease of testing and equipment are two important con-
siderations. Tests requiring lengthy procedures, such as
Southern blot analysis, or complex analyses (SMA carrier
testing, for example) are less likely to be performed by
many laboratories, especially if the test volume is low or
commercial test kits are not available. The use of ASRs or
FDA-approved tests is preferred by many laboratories
because they simplify the laboratory workflow and facili-
tate quality assurance, even though these tests are often
more expensive relative to laboratory-developed tests.

Finally, patents that cover the disease mutations, genes,
or testing methods for a test can be a consideration when
deciding to implement and perform a test. Patent or license
exclusivity may be enforced, licensing or sublicensing fees
may be too costly, or other conditions of licensing may not
be reasonable for the laboratory, such that the laboratory
cannot or chooses not to implement and perform a test
covered by one or more patents. This may be even more
significant for complex genetic disease tests that require
testing of multiple genes, each of which may be covered by
patents.

Choice of Test Method

Several factors influence the selection of the testing
method, including the mutation type, the degree of
mutation heterogeneity, the anticipated test volume, the
available resources, such as equipment and expertise,
and patent issues. The majority of clinical tests target
specific mutations or sequences. The greater the number of
sequence variations that need to be detected by a test, the
more difficult and labor-intensive the test becomes. The
most-frequently used method in molecular pathology lab-
oratories is amplification, usually by PCR. Some of the
more common factors affecting the choice of methods
from nucleic acid extraction through PCR and post-PCR
analysis are discussed.

Nucleic acid extraction is a principal part of most
molecular tests. Numerous extraction methods are cur-
rently available. Some of the issues to consider in choosing

an extraction method for DNA or RNA are yield, quality of
the nucleic acid required for the subsequent testing steps,
storage, processing speed, and costs. Laboratories may use
more than one method for DNA or RNA purification. Some
of the more common methods currently utilized are desalt-
ing methods and silica-gel membrane columns. Columns
are particularly convenient for processing of small volumes
of blood for a large number of samples and are available
for either DNA or RNA. Organic-based methods can be
used but are labor-intensive and have significant safety
risks for the clinical laboratory, so are less commonly used
now than in the past. Quick lysis methods (alkaline or
boiling) generate crude DNA, which may be suitable for
some test applications.

The most common method in the molecular pathology
laboratory is PCR, which has enabled the implementation
of hundreds of clinical molecular tests. The method is par-
ticularly suitable for detection of point mutations and
other small sequence variations, for detection of chromo-
somal rearrangements, for detection or quantification of
pathogens by amplification, or for sequence analysis.
Variations of PCR include RT-PCR for amplification of
RNA sequences, multiplex PCR for the simultaneous
amplification of two or more sequences, and real-time PCR
for quantification of specific sequences (see chapter 2).

While PCR amplification is relatively standard, many
methods are used to analyze the resulting PCR products.The
simplest method for analysis of PCR products is gel elec-
trophoresis to determine the size of the PCR products that
have been synthesized with comparison to a sizing standard
that has been run on the same gel. A second common
method for analysis of PCR products is digestion with 
a restriction enzyme followed by analysis of the DNA 
fragments by gel electrophoresis. PCR products can be
hybridized to allele-specific oligonucleotide (ASO) probes
complementary for either the normal or mutant allele. A
variation on this approach is the reverse dot-blot, in which
numerous allelic probes are fixed to specific locations on a
solid membrane and hybridized with multiplex PCR prod-
ucts. Methods using hybridization steps are more labor-
intensive and expensive than enzymatic digestions and are
used less frequently than other post-PCR analysis methods.

Small length changes and genetic rearrangements present
in PCR products can be detected by size variations using
agarose or acrylamide gel electrophoresis with ethidium-
bromide staining, or by a fluorescent-dependent detection
method using either a plate- or capillary-based automated
sequencer. Automated sequencers are especially useful for
the simultaneous analysis of numerous PCR products
labeled either with a single or multiple fluorophores, or
when quantitation of a PCR product is required.

A significant portion of PCR testing is being transi-
tioned to real-time PCR, which monitors the generation of
the PCR product throughout the amplification process.
This approach can be used for either point mutation 
detection or quantitation, eliminating the need for 
time-consuming post-PCR analysis and decreasing 
opportunities for PCR contamination.
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When the disease gene is known but the mutations are
unknown, mutation-scanning methods are used. The most
common scanning methods are single-strand conforma-
tion polymorphism (SSCP) and DHPLC, both of which
detect single base pair variations with high sensitivity.

Automated platforms for molecular tests are becoming
available and are more significant for the clinical labora-
tory as test volume increases. Currently available auto-
mated systems include extraction systems, and
instruments that combine PCR amplification and detec-
tion. Some automated systems are routinely used in many
molecular pathology laboratories for viral load testing,
such as for HIV-1. Automated instrumentation can reduce
turnaround time and human error.

Clinical Information Requirements

Preanalytic clinical information is essential for deter-
mining the appropriateness of the test and is critical for
interpretation of results. Clinical information usually is
obtained from the requisition form or an electronic test
order system. A complete requisition contains patient
demographic information to allow for identification of the
patient, the ordering healthcare provider’s name and
contact information, the type of sample, the name of the
ordered test(s), relevant clinical information, and any other
information essential for appropriate interpretation of test
ordered results. For some genetic disorders, such as CF,
ethnic background is particularly important because
disease prevalence can vary significantly with ethnic back-
ground, while a pedigree is required for linkage analysis
studies and risk assessment. Laboratories should docu-
ment informed consent for genetic tests (as discussed in
the Genetic Testing section), which may be required by
state regulation. For cancer or infectious disease testing,
indication of the purpose for testing (diagnosis or minimal
residual disease assessment) is needed for appropriate
interpretation of the test result.

Specimen Requirements

Molecular pathology testing can be performed using a
variety of patient sample types. A list of the more common
specimen types, applications, handling and storage
requirements is presented in Table 49-3. The most common
sample for genetic testing is peripheral blood (PB); buccal
cells may be acceptable for some tests. Prenatal testing is
performed on cultured or direct amniotic cells and chori-
onic villus sampling (CVS). A maternal sample may be
required for prenatal testing to rule out maternal cell con-
tamination (MCC) of the fetal specimen, to ensure that the
test result reflects the fetal genotype rather than the mater-
nal genotype, usually by identity testing of the fetal and
maternal samples. Samples for molecular oncology and
infectious disease testing may include PB, bone marrow,
tissues, and other body fluid (cerebral spinal fluid,
sputum, etc). Paraffin-embedded tissues (PET) are used
predominantly for DNA-based testing such as gene
rearrangement studies for lymphomas, while fresh or
frozen tissue generally is used for RNA-based testing,
such as the detection of specific fusion transcripts in
cancers.

Sample requirements and collection and shipment
information for molecular tests should be provided by the
laboratory to ensure that samples are collected, handled,
shipped, and stored appropriately before shipment, during
transit, and during storage in the laboratory before sample
processing.

Laboratory Operations

Workflow includes the steps of testing from specimen col-
lection to reporting of results. This process can be divided
into preanalytic, analytic and postanalytic phases. The pre-
analytic phase consists of collecting, transporting, acces-
sioning, and storage of the sample(s) prior to testing. The
analytic phase is the process of performing the test. The

Table 49-3. Specimen Types and Handling for Molecular Pathology Testing

Specimen Type Test Type Requirements Shipment Storage

Blood Genetics, cancer, identity, HLA typing EDTA (0.5–10ml)* RT 4°C
Bone marrow Cancer, identity testing EDTA (0.5–1ml) RT 4°C
Plasma Infectious diseases EDTA (10ml) Dry ice −80°C
Cerebrospinal fluid Cancer, infectious diseases None (0.5–2ml) Dry ice −80°C
Sputum Cancer, infectious diseases None (0.5–2ml) RT 4°C
Amniotic fluid (<15 weeks gestation) Genetics None (10–15ml) RT 4°C
Chorionic villus sampling (CVS) Genetics 5–15mg RT 4°C
Cultured amniocytes or CVS Genetics 2 T25 flasks RT 4°C
Buccal cells Genetics, cancer, identity 2 swabs RT 4°C
Fresh tissue Cancer, identity 50–100mg Dry ice −80°C
Paraffin-embedded tissue Cancer, identity 2–5µm sections RT RT
DNA Genetics, cancer, identity, HLA typing <1–100µg RT 4°C
RNA Genetics, cancer <1–20µg Dry ice −80°C

*Sample volume is based on application and age of patient.
RT, room temperature.
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postanalytic phase consists of all steps after the test is per-
formed, including analysis of the test result, generation of
the test report, and communication of the results.Although
the preanalytic phase is difficult to control since the steps
are performed by individuals outside the laboratory, most
errors occur in the analytic phase because of the multistep,
predominantly manual nature of molecular testing.

Preanalytic Phase

Samples are usually transported to a central receiving area
of the laboratory or directly to the molecular pathology
laboratory, either by a local hospital transport system or by
overnight carrier if the samples are sent from remote sites.
Upon arrival, samples are accessioned into the LIS and
assigned a unique identifier or accession number, allow-
ing the sample to be tracked in the laboratory and hos-
pital database. Information entered during accessioning
includes patient demographics, test(s) requested, specimen
type, and time and date a specimen is collected and
received by the laboratory. If available, bar-coded labels 
can be attached to the requisition form and specimen 
container.

The clinical information and specimen type are
reviewed for appropriateness of the test requested. Missing
clinical information can be obtained by contacting the
healthcare provider. Genetic test requests are reviewed for
ethical considerations.

Some sample types require additional processing prior
to nucleic acid extraction. For example, PET blocks are sec-
tioned to allow efficient extraction, and CVS tissue is exam-
ined by a qualified cytogeneticist to remove contaminating
maternal tissue. Similarly, prenatal cultured cells are exam-
ined for confluence; low numbers of cells may not produce
sufficient DNA for some analyses, such as Southern blot
analysis. For HIV and HCV viral load tests, for example, the
plasma must be separated from the blood cells within 4 to
6 hours of collection. The specimen is appropriately stored
until processing begins (Table 49-3).

Analytic Phase

For laboratory efficiency and cost-effectiveness, testing is
performed on batches of specimens, and the frequency of
testing depends on test volume and clinical urgency. The
first step in molecular-based testing is nucleic acid isola-
tion. DNA or RNA can be extracted from the patient spec-
imens using a variety of laboratory-developed methods or
commercial kits, and the nucleic acid stored appropriately
(see Table 49-3). Most tests use PCR, which is set up in the
pre-PCR area of the laboratory. To verify sample identity
throughout all the steps of testing and prevent possible
mix-up and cross-contamination, a worksheet can be used
to indicate sample identifiers and numerical locations in
the run, as well as reagent information such as lot numbers

and expiration dates. The same worksheet can be used later
for documentation of test results for patient samples and
controls. The patient samples should be set up first, fol-
lowed by the controls, as discussed in the PCR Contamina-
tion Control section. Regardless of the procedure used,
certain principles are essential. Specimen and reagent
identifications should be checked with every manipulation
performed. Expiration dates and identification of reagents
should be checked before each use. Test results should be
documented, either by photographing the gel or by print-
ing out the data from the instrument. It is very important
at this point to label and correctly identify the samples 
on pictures or data sheets to prevent interpretation 
errors.

Postanalytic Phase

After the test is performed, the results are analyzed, the test
results and interpretation are entered into the laboratory
computer manually or by electronic transfer from an
instrument, and the results are communicated verbally to
the healthcare provider, if appropriate. To reduce errors,
results should be interpreted by two independent review-
ers, which may include a technologist previously certified
to interpret the specific test through the laboratory’s train-
ing program, a resident or fellow, or the laboratory direc-
tor or appropriate designee. Results must comply with the
established criteria for result analysis and interpretation as
defined in the test procedure manual. Control results are
reviewed for accuracy before analysis of patient test results.
For PCR-based tests analyzed by electrophoresis, the
water/no template control should not have bands other
than primer dimers, and control samples must demon-
strate expected results. For quantitative assays, control
results must fall within the established assay ranges. Patient
test results are interpreted as positive or negative, or a
quantitative result is obtained by comparison with the
assay controls and by comparison to size markers, as
appropriate for the specific test method. Unexpected
results are assessed for errors in the analytic process. The
identified problems are corrected and testing of all or
selected specimens is repeated. Results should be recorded
manually or electronically transferred to the assay work-
sheet by the technologist who performed the assay, signed,
dated, and entered in the computer using a report template,
if available. Entered reports should then be reviewed and
released by a second interpreter. For efficient workflow, use
of report templates for the most common test results and
interpretations, with revisions for specific specimens, facil-
itates test reporting.

The information required for test reports is defined 
in the CAP Molecular Pathology checklist and includes
patient demographics, methods, mutation(s) tested, and 
a clinical interpretation in an easy-to-interpret format.
Although the CAP, in compliance with CLIA, does not
require supervisory review of all test results, it is 
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recommended that all manual assays be reviewed and
approved by the laboratory director or qualified designee
before reporting. A final report is generated only after
results are verified and electronically signed by the labora-
tory director or a qualified designee. When laboratory
director review is not deemed necessary, such as for tests
performed using automated equipment, two separate tech-
nologists trained to perform the assay, or the same tech-
nologist in duplicate, should review the results after entry
into the LIS to ensure accurate entry into the LIS prior to
release of the reports. Results most often are communi-
cated by printed report or an electronic information
system, but direct discussion of urgent or complex test
results may be useful for the clinician. Verbal communica-
tion or faxing of test results should be performed in com-
pliance with HIPAA regulations to protect patient
confidentiality.

Quality Control and Quality
Assessment Programs

The molecular pathology laboratory must establish and
maintain quality control (QC) and quality assessment also
known as quality assurance (QA) programs that are ade-
quate and appropriate for the validity of the procedures
performed. The next few sections focus on the principal
aspects of these programs.

Quality Control Program

The QC program focuses on the analytic validity of the
testing process with the purpose of assessing and ensuring
the reliability of patient results. According to CLIA, “The
laboratory must establish and follow written QC proce-
dures for monitoring and evaluating the quality of the ana-
lytic testing process of each method to assure the accuracy
and reliability of patient test results and reports.”17 Specific
requirements include adherence to the manufacturer’s
instructions for instrument operation and test perform-
ance, having a current procedure manual, performing and
documenting QC test results, maintaining records of all QC
activities, and verifying performance specifications. Test
sites, especially high-complexity laboratories, may choose
to impose more, but not less, stringent QC requirements for
the testing process. Molecular pathology tests are largely
manual, laboratory-developed, multistep assays, requiring
a variety of commercial or laboratory-produced reagents.
QC procedures should be designed to detect and reduce
errors in the entire testing process. Special attention should
be given to the most common types of errors that occur
during testing, such as use of expired reagents, improper
preparation and storage of reagents and controls, and cler-
ical errors. Some of the key components of the QC program
are discussed below.

Test Validation (Verification of Test
Performance Characteristics)

There are major differences, as defined by CLIA, between
the implementation of an FDA-approved test and the
implementation of a laboratory-developed test. If the test
is performed using an FDA-approved in vitro diagnostic
test kit, the laboratory needs only to verify the perform-
ance characteristics of the test for the population of
patients seen at that specific laboratory site. Implementa-
tion of a laboratory-developed test requires collection of
more extensive analytic data to establish the performance
characteristics of the test. The performance characteristics
that need to be evaluated include accuracy, precision, sen-
sitivity, specificity, reportable range, reference range, and
any other applicable characteristics. Laboratories can use
the manufacturer’s criteria as long as the director deter-
mines that these are appropriate for the laboratory’s pop-
ulation of patients. To assist in this process, CLIA also
recommends that performance characteristics of a new test
be compared to a known “gold standard.” This is not always
practical, since molecular methods often are developed
because of the inadequacy of the currently available test
methods. The test method also should be validated for all
types of specimens that will be accepted for testing.

Establishing the test accuracy requires determining that
the test yields appropriate positive, negative, or quantita-
tive results, based on samples with known characteristics
as determined by an independent test method. Samples
used to determine accuracy can be obtained from several
sources, including proficiency surveys or other laboratories
performing the test by the same or a different test method.
For example, validation results for new RT-PCR procedures
for the diagnosis of certain translocations in leukemias 
can be supported by cytogenetic results for the 
same specimens.

Establishing the precision of an assay requires demon-
strating that the assay results are reproducible. Testing the
control specimens and a variety of patient specimens mul-
tiple times in separate runs and comparing the results can
demonstrate the precision of a test. For quantitative tests,
precision is tested over the range of reportable values.

Analytic sensitivity refers to the lowest amount of
analyte (nucleic acid) detected or quantified by a test. Ana-
lytic sensitivity is determined as the proportion of patient
samples that contain the target nucleic acid sequence that
tests positive using the test. In quantitative tests, this 
represents the smallest amount of analyte that is reliably
detected by the test. Sensitivity should be determined for
qualitative assays for pathogen detection or for MRD mon-
itoring to establish the utility and limitations of the test.

Analytic specificity measures the degree to which the
test reacts with nucleic acids other than the intended
sequence. It is measured as the proportion of patient
samples that do not contain the target nucleic acid that test
negative by the test. The analytic specificity of a test can be
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determined by analyzing a series of positive and negative
samples and calculating the detection rate of the true-
negative samples, as defined by samples that do not contain
the target of the test. Distinguishing among closely related
pathogens, however, requires a precise design of primers
specific for the target microorganism. Nonspecific signals
can be produced by nonoptimal amplification conditions
or inhibitors, which can be overcome by high-quality 
DNA extraction procedures and optimization of assay 
conditions.

The development of a new test usually is driven by new
molecular information combined with a clinical need for a
better test. Once the laboratory director decides that a new
molecular test will be implemented, the methodology for
the assay, controls, specimen types, costs, and other factors
are determined. The method for the assay is chosen based
on the type of test information required, clinical utility,
current use of the test platform in the laboratory, ease 
of use, and clinically required turnaround time. Once the
test method is chosen, the specific test parameters are
designed. Each step of the assay is optimized, including
nucleic acid extraction, amplification, detection, and inter-
pretation of results. For laboratories that develop many
assays, standard starting conditions and optimization 
criteria facilitate test implementation. For example, PCR
assays can initially use standard reagent concentrations
and amplification conditions, followed by fine optimization
of the PCR conditions as needed. Once the optimal assay
conditions are established, the analytic validation of the
assay is performed on clinical specimens and/or controls
using those testing conditions.

Initial optimization and performance of the assay must
include establishing the controls to be used for testing.
Appropriate controls are often commercially available from
organizations such as Coriell (Camden, NJ) and the 
American Type Culture Collection (ATCC; Manassas, VA)
as frozen immortalized cell lines or DNA containing the

pathogen genome or mutation of interest. With the excep-
tion of HIV and HCV, for which standardized reference
panels are now available, standardized controls are not
available for most of the molecular diagnostic tests cur-
rently performed. In the absence of purchased controls,
patient samples tested by a different method or provided
by another laboratory may be used.

The last step of the test evaluation requires clinical val-
idation of the new test. Clinical validation determines the
probability that a sample from a patient with the disease or
disease risk will test positive (clinical sensitivity), and that
a sample from a patient without the disease or disease risk
will test negative (clinical specificity). A final step of the
clinical validation may be to obtain a panel of mixed pos-
itive and negative patient samples without the known test
results from another laboratory that performs the same
test. After the testing, results are compared to the results
obtained by the other laboratory and documented. Any
discrepancies should be resolved by a different test method
or a third laboratory.

Test Procedure Manual

Test procedure manuals are essential for molecular pathol-
ogy laboratory function and are required by CLIA. The
manual should be simple, easy to follow, and functional, but
should provide sufficient detail to act as a reference for all
aspects of testing for laboratory personnel and for training
purposes. The manual, in a written or electronic format,
must be current and available to all laboratory personnel.
Manuals for high-complexity tests include written policies
for sample collection, equipment performance evaluation,
QC program, and standard operating procedures (SOP) for
tests. An example of the contents of a test procedure
manual is shown in Table 49-4. The procedures are usually
written by laboratory technologists or a supervisor, and

Table 49-4. Contents of a Standard Test Procedure (an example of a PCR-RFLP test)

Item Content

Background Theoretical information concerning the disorder and the test
Principle of the assay Description of how the restriction enzyme detects the specific mutation
Summary of the assay Characteristics of the restriction-based assay used
Clinical significance Use of the test for patient care
Strategy for analysis Overview of the testing steps (i.e., extraction, PCR amplification, digestion, gel electrophoresis)
Specimen collection or acquisition Description of acceptable specimen type, storage, shipment, and required clinical information
Criteria for rejected samples Description of unacceptable samples (i.e., specific specimen types, improper labeling, damage)
Equipment and supplies List of equipment necessary for testing (i.e., PCR machine, gel electrophoresis)
Reagents List of reagents used for each test step (e.g., PCR, restriction enzyme digestion, gel electrophoresis 

equipment)
Assay procedure Description of the testing steps, including general considerations, sample preparation, pre-PCR 

preparation and setup, thermal cycling, PCR cleanup, PCR product digestion, gel preparation and 
electrophoresis, gel documentation

Analysis of results Description of expected results, control results, criteria for gel analysis and interpretation,
documentation of results in the LIS and laboratory data base, if used

Turnaround time and schedule for Expected turnaround time for the specific test, specimen and DNA storage, and schedule for 
retaining specimen retaining the specimen and DNA

References Literature or commercial-based information
Addenda E.g., the worksheet for the specific test, the manufacturers’ product insert
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Test-Specific Procedure Manuals

Genetics

Factor V Leiden analysis
Myotonic dystrophy PCR and Southern analysis
Cystic fibrosis mutation analysis
Spinal muscular atrophy direct testing
Spinal muscular atrophy carrier testing (dosage analysis)
Spinal muscular atrophy linkage analysis

Oncology

IGH gene PCR for detection of B-cell clonality
T-cell receptor PCR for detection of T-cell clonality
BCL2 gene PCR for detection of M-bcr and m-bcr breakpoints
PML-RARA RT-PCR for detection of t(15;17) in APL
BCR-ABL RT-PCR for detection of t(9;22) in CML and ALL
RT-PCR for detection of translocations in sarcomas

Identity Testing

Bone marrow engraftment analysis by genotyping of STR
markers

Parentage and identity testing
Maternal cell contamination analysis

Infectious Diseases

HIV-1 viral load assay
HCV viral load assay
HBV viral load assay
Microbial molecular identification analysis

General Information

Staff and contact information
Test information
Requisition forms (genetics, oncology, infectious diseases,

identity testing)
Information for clients (shipping, sample type, billing

information, consent form, test-specific fax coversheets)
Licenses and permits (CLIA certification and CAP accreditation

form)
Reagent handling for molecular testing guidelines
Probe and primer documentation

General Laboratory Operating Procedures

Quality control, quality assurance, and quality improvement
programs

Specimen-receiving procedure
Prevention of PCR contamination
Logging-of-primers procedure
Autoclaving of solutions procedure
Use of PCR biosafety chambers
Programming of PCR thermal cyclers
Sequencing using a capillary electrophoresis instrument
Equipment-maintenance procedures
Centrifuges, balance, pH meter, and spectrophotometer: checks

and cleanup
Water check procedure
Timer check procedure
Thermometer validation
Temperature-check procedure
Maintenance and validation of PCR thermal cyclers

Nucleic Acid Extraction Procedures

Large-scale DNA extraction from blood by desalting method
Small-scale DNA extraction from blood by column
Fresh- and frozen-tissue DNA extraction
Paraffin-embedded-tissue DNA extraction
Prenatal (amniocytes and CVS) DNA extraction
RNA extraction from blood by column
Nucleic acid quantitation

Table 49-5. Complete Molecular Pathology Laboratory Procedure Manual: Examples of Required Information, Guidelines, and Protocols

IGH, immunoglobulin heavy chain; BCL2, B-cell lymphoma protein 2; M-bcr, major breakpoint cluster region; m-bcr, minor breakpoint
cluster region; PML-RARA, promyelocytic leukemia-retinoic acid receptor alpha; APL, acute promyelocytic leukemia; CML, chronic myel-
ogenous leukemia; ALL, acute lymphoblastic leukemia; STR, short tandem repeat; HCV, hepatitis C virus; HBV, hepatitis B virus.

then reviewed, edited, and approved by the laboratory
director or designee. Any changes to an established 
procedure manual are documented in writing or electron-
ically and approved by the director. Any laboratory staff
members that perform a specific test must review the pro-
cedure manual annually, with documentation of the review.

The necessary elements of a test procedure manual are
detailed in the CLIA guidelines, which follow closely the
items described in CLIS GP2-A3, Clinical Laboratory Tech-
nical Procedure Manuals.19 An example of a complete lab-
oratory procedure manual is presented in Table 49-5.
Manufacturer’s product inserts or operation manuals can
be used as a component of a test procedure manual, but
additional information specific to the testing as performed
by the laboratory must be provided.

Controls

Every clinical test requires use of appropriate controls. Con-
trols are used to document reproducibility and to ensure
that the test is working properly and results are reliable.
Several types of controls are used for molecular tests: pos-
itive, negative, sensitivity, inhibition, water, and QC controls.
Combinations of these controls are used as appropriate
based on the method and purpose of the test. A positive
control is defined as a sample that contains the target
sequence and produces a positive result when tested.
Sources of positive controls include positive patient
samples and commercially available cell lines or nucleic
acids. A negative control is a sample that does not contain
the target sequence and produces a negative result when
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tested.Sensitivity controls are needed for assays that require
a specified level of analytical sensitivity. This control is par-
ticularly important for MRD tests for cancer and viral load
tests to define the lower limit of detection of the specific test.
In general, a sensitivity control is included in each run of
the test, since the sensitivity of each test run should be doc-
umented and not be assumed to be the same as during val-
idation of the test. A no-template control or water control is
a control reaction containing all reagents but no template
nucleic acid. This control tests for contamination of the PCR
reagents and should not produce any PCR products except
for primer dimers. An inhibition control (addition of exter-
nal target nucleic acid or amplification of another template
sequence to check for PCR amplification) is used only when
the lack of production of a PCR product is interpreted as a
negative result for the test. A QC control is a patient sample
that was previously tested and is included for repeat testing
on a new run. These samples function to assess the accu-
racy of the reported results as well as to monitor for interas-
say variability.

The controls should be processed in the same manner as
the patient samples during testing; however, their use and
storage should be well defined in the test procedure manual
to avoid degradation. Controls should be validated for
acceptability and approved by the laboratory director or
designee before use in clinical testing. Failure of controls
to perform as expected should be investigated, with
findings and corrective action documented. Some QC
results, for example, in HIV viral load testing, should be
charted and analyzed on standard Levi-Jennings plots.
Deviations and adverse trends indicate that something is
changing in the analytic system, and require investigation
and corrective action.

Preventive Equipment Maintenance

All instruments used in the molecular pathology labora-
tory require written standard procedures for normal 
operation, performance evaluation, and preventive 
maintenance. Function checks should be performed on a
regular schedule to check critical characteristics and detect
malfunctions before test results are affected. In the absence
of manufacturer’s guidelines, the laboratory should estab-
lish a maintenance procedure that appropriately reflects
the use of the instrument. Of particular importance are the
thermal cyclers, because any change in their performance
will have a direct impact on many tests. Thermal cyclers
should be routinely monitored for cycle time reproducibil-
ity, verification of temperature accuracy, and efficiency of
heating and cooling rates. These diagnostic checks are
usually incorporated into the instrument’s software and 
are a part of the manufacturer’s recommendations for
instrument maintenance. Temperature logs for each 
temperature-dependent piece of equipment, including an
acceptable temperature range, are required by CLIA.
Temperatures of refrigerators, freezers, and incubators

must be documented daily if used for reagent storage.
Other instruments, such as water baths, should be docu-
mented each day of use. An equipment maintenance and
performance evaluation log should be maintained for every
laboratory instrument and should be kept for the duration
of the clinical use of the instrument.

Quality Assessment Program

CLIA requires each laboratory to have an active QA
program to assess various aspects of the technical and 
nontechnical performance of the molecular pathology lab-
oratory. CLIA requires establishment of guidelines and pro-
cedures designated not only “to evaluate the ongoing and
overall quality of the testing process,” but also to evaluate
“the effectiveness of its policies and procedures,” followed
by requirements to “identify and correct problems, assure
reliable and prompt reporting of test reports and assure the
adequacy and competence of the staff.”17 In the CLIA ’03
version, “quality assurance” was renamed “quality assess-
ment,” recognizing that quality cannot always be assured
but it can be evaluated or assessed.18 The laboratory QA
program must monitor and evaluate both the ongoing and
the overall quality of the total testing process through error
detection, corrective actions and their review, and the inte-
gration of improvements in procedures. To meet the CLIA
requirements, the molecular pathology laboratory must
have a QA program that includes numerous laboratory
practices, including personnel training and performance
evaluation, proficiency testing, inspections, correlation of
molecular results with clinical data, and a QC program. Ele-
ments monitored by the QA program, such as turnaround
time, rejected specimens, and various indicators of test
quality, do not relate directly to the analytic validity of the
testing process and thus are not a part of the QC program.
A complete list of these indicators can be found in the LAP-
CAP Molecular Pathology checklist. Table 49-6 lists some of
the more important components for which the LAP-CAP
requires ongoing surveillance and documentation.

Although CLIA requires that clinical laboratories con-
tinually evaluate and improve their work in all areas,
some requirements are particularly important from an
institutional perspective. CLIA mandates that test results
obtained from different methodologies performed under
the same certificate be compared, documented, and
reviewed for the detection of errors that can affect patient
care. This means that molecular oncology test results, for
example, should be compared with the results obtained by
other laboratories, such as the flow cytometry and cytoge-
netics laboratories, for the same patient.

Training

Personnel performing high-complexity molecular 
pathology testing must meet established qualifications in
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training, experience, job performance, and competency.
Training includes competency in performance of the test
methodology, calculations, independent judgment, quality
control of the method, and knowledge of the instruments.
These training requirements cannot be based simply on
academic requirements or experience. The on-site training
must be sufficient to ensure that staff members have the
skills necessary for performing every step of the analytic
process, including assay method, preventive maintenance,
and quality control measures.

To this end, a training program ensuring that technolo-
gists are properly trained to perform laboratory operations
must be used. As the first step, technologists can be trained
by observing a technologist who knows how to perform the
procedure and by reading the procedure manual. Then the
technologist should test two to three blind sets of speci-
mens in addition to known controls, with or without 
observation depending upon the level of experience of the
technologist, to ensure that the technologist understands
the test and performs it correctly. Monitoring of the train-
ing testing ensures the accuracy of the technologist’s per-
formance. Finally, the results of training runs must be
documented and approved by the laboratory director or
designee.

A part of ongoing training is annual competency evalu-
ation. This allows the laboratory director or designee to
review different aspects of the technologist’s performance,
including technical skills, control of PCR contamination,
equipment operation, procedure knowledge, and labora-
tory safety. The overall performance of each technologist
is documented, and corrective or additional training meas-
ures are implemented as necessary.

Training also includes continuing education programs,
which assist the technologist in attaining some of the 
technical skills and knowledge required to keep up with
changes in procedures, instruments, and new tests, as well
as improve their ability to perform new assays, trouble-
shoot, and handle new problems.

Proficiency Testing

Proficiency testing plays a key role in assessing the internal
quality of work in CLIA-regulated high-complexity testing
laboratories. CLIA requires the laboratory to successfully
participate in a CMS-approved proficiency testing program
for all analytes tested. CAP provides approved proficiency
testing programs in several relevant fields, including genet-
ics, infectious diseases, oncology and identity testing (Table
49-7). Proficiency testing samples are sent at least once per
year. In the absence of an external proficiency testing
program for a specific test, the laboratory can set up a
sample exchange proficiency testing program with another
laboratory performing the same test. Proficiency samples
must be tested in the same manner as patient samples, by
the same technologists performing the clinical testing,
using the same interpretation procedures. Laboratories

Table 49-6. Examples of QC and QA Topics That Require Docu-
mentation and Corrective Action
Proficiency Testing

Ongoing evaluation of proficiency test results

QC and QA of Testing

Detection and correction of clerical and analytic errors
Recording of failed nucleic acid isolations
Recording of failed hybridization reactions
Monitoring of test turnaround time
Discrepancies between preliminary and final reported results
Discrepancies between the molecular pathology laboratory and

other laboratory findings
Performance of statistics and appropriate comparative studies on

all molecular pathology tests
Logging of unusual, difficult, and instructive cases

Laboratory-Developed Assay Validation

Performing validation to confirm analytic test performance
characteristics

Documenting validation studies for establishing assay
performance characteristics

Documenting analytic characteristics including accuracy,
sensitivity, specificity, and precision

Demonstrating and documenting clinical validity

Procedure Manual

Annual review of all policies and procedures by the laboratory
director or designee

Review of all new policies, procedures, and changes to existing
procedures

Knowledge of testing procedures for the tests performed by
each technologist in the laboratory

Information for all DNA probes, PCR primers, and other nucleic
acid reagents used for testing

Paternity and Forensic Identity

Chain-of-custody (proof of identity)
Genetic characteristics (heterogeneity, recombination rates, etc.)

of the DNA markers used
Release of information

Specimen Handling

Disposition of unacceptable specimens
Sample condition, inadequate volumes, and evidence of

tampering

Reagents

Validation of reagents used for tests
Characteristics of the specific reagents used in each assay

Controls

Failed control results or when results exceed defined tolerance
limits

Instruments

Ongoing evaluation of results of instrument maintenance and
function (temperatures, instrument characteristics, cleanliness)

Function checks for detection of problems and malfunctions
Repairs and services
Temperature checks for temperature-dependent equipment

Personnel

Continuing medical laboratory education

Safety

Radioactive area surveys and wipe tests
Radioactive waste disposal



Table 49-7. CAP Proficiency Surveys for Molecular Pathology Testing

Category/Name Survey Type of Testing

Genetics

MGL Molecular genetics Molecular testing for various genetic diseases or genes

Oncology

MO Molecular oncology Molecular analysis of leukemia and lymphomas
MSI Microsatellite instability Molecular analysis of PET colorectal carcinoma by DNA amplification of 

microsatellites
SARC Sarcoma translocation Molecular analysis of various sarcoma translocations by RT-PCR
CYH Fluorescence in situ hybridization Analysis of FISH for HER2/NEU amplification using chromosome-specific 

DNA probes

Identity

ME Monitoring engraftment Monitoring for bone marrow and stem cell engraftment
PAR, PARF Parentage testing DNA testing by PCR and RFLP
ML, DL, DML HLA molecular typing Molecular typing of class I and class II HLA markers
FID, FIDM Forensic sciences—nuclear and Nuclear and mitochondrial DNA analysis for numerous polymorphic loci

mitochondrial DNA
DNA, DNAF Forensic sciences—DNA database Analysis of polymorphic loci for the DNA database program

Infectious Disease

ID Nucleic acid amplification Analysis of infectious pathogens analyzed by advanced amplification methods 
identification (NASBA, bDNA, LCR, PCR)

HIV, HV2 HIV viral load Quantitative analysis of HIV by nucleic acid amplification and genotyping,
respectively

HCVN, HCV2 Hepatitis C viral load Quantitative analysis of HCV by nucleic acid amplification and genotyping,
respectively

HPV Human papillomavirus Qualitative analysis of HPV by nucleic acid testing
HC C. trachomatis, herpes, and Pathogen analysis by nucleic acid amplification and nucleic acid probe methods

N. gonorrhoeae
NAT Nucleic acid testing Qualitative analysis of infectious pathogens designated for blood donor centers
ISH In situ hybridization In situ hybridization testing for various viral nucleic acid targets

PET, paraffin-embedded tissue; RT-PCR, reverse transcription–polymerase chain reaction; FISH, fluorescence in situ hybridization; RFLP,
restriction fragment length polymorphism; HLA, human leukocyte antigen; NASBA, nucleic acid sequence–based amplification; bDNA,
branched DNA technology; LCR, ligase chain reaction; PCR, polymerase chain reaction; HCV, hepatitis C virus; HPV, human papillomavirus.
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failing two of three consecutive testing events for any test
must submit a plan to the CAP or other proficiency testing
agency for and implementation of corrective action.

Laboratory Inspection

Molecular pathology laboratories must be inspected by an
external inspection team every 2 years for compliance with
CLIA regulations. LAP-CAP inspections are performed by
a team of inspectors from an institution other than that of
the laboratories being inspected, and the inspection team
assesses the quality indicators for continued quality per-
formance as listed in the LAP-CAP checklist.31 The check-
list addresses laboratory procedures including specimen
processing and testing, reagents, controls, instrumentation,
personnel, physical facilities, and laboratory safety. Inspec-
tion also assesses for PCR contamination control, partici-
pation in proficiency testing programs, and documentation
of the QC and QA program activities (Table 49-6). Failure
to comply is documented as a “Phase I” or “Phase II”
deficiency. Most items on the molecular pathology check-

list are Phase II, with a serious potential to affect patient
care. Phase II deficiencies require immediate attention and
correction, documented in writing to the CAP. Phase I
deficiencies are less serious but also require documenta-
tion of corrective action. On alternate years, the laboratory
is required to perform a self-inspection.

Recently, as a part of ongoing efforts to strengthen 
the laboratory accreditation process, to promote public
confidence in the LAP-CAP, and to help assure regulators that
CAP-accredited laboratories meet or exceed CLIA require-
ments, the CAP has made significant changes in its LAP,
including unannounced routine inspections beginning in
January 2006. This means that laboratories will not know the
exact date of the inspection and the identity of the inspec-
tion team members prior to the inspection. Instead, the 
laboratories will be provided with a 90-day window of the
anniversary of their last inspection, 45 days prior to and 45
days after, pending CMS approval, in which the inspection
will occur. By implementing this process for routine inspec-
tions,CAP expects to help ensure that laboratories are in con-
tinuous compliance and that they are providing quality
patient testing at all times.



574 H. Rennert and D.G.B. Leonard

Alternatively, laboratories can be inspected directly by
CLIA or by JCAHO as an accrediting organization for clin-
ical laboratories under the CLIA program. The CLIA
inspection regulations are found in Subpart Q of the Code
of Federal Regulations, which addresses both basic and
specific inspection requirements.32 CLIA inspections under
JCAHO are conducted by CMS. The CMS policy for labo-
ratory inspections includes announced initial and biennial
recertification inspections and unannounced complaint
and follow-up inspections. The CMS inspection focuses
more on outcomes than on laboratory process. The goals
of this outcome-oriented survey are not only to determine
the laboratory’s regulatory compliance but also to assist
laboratories in improving patient care by emphasizing
those aspects that have a direct impact on the laboratory’s
overall test performance.

Accreditation by JCAHO meets the conditions required
by federal law and regulations. Consequently, laboratories
that are accredited by JCAHO in lieu of direct federal over-
sight and that meet the CLIA requirements for laboratories
are not subject to routine inspection by state survey agen-
cies to determine their compliance with federal require-
ments.33 To be eligible, JCAHO must apply standards and
criteria that are equal to or more stringent than the
requirements established by DHHS. The JCAHO accredita-
tion process is more stringent than federal certification
requirements in that JCAHO accredits a healthcare organ-
ization (for example, a hospital) as a whole, not just the 
laboratory. As such, an organization that loses JCAHO
accreditation for reasons other than poor laboratory per-
formance also would lose the ability to legally test human
specimens under the laboratory’s existing certificate of
accreditation, if JCAHO accreditation is being used to meet
the CLIA requirements. The JCAHO also began conducting
unannounced inspections in 2006.

Summary

In this chapter, we have summarized many of the issues
and considerations that are important for the success-
ful management of a molecular pathology laboratory.
Although these issues are addressed separately, many are
interconnected. If even one function is weak, the success of
testing is compromised. Molecular pathology is a rapidly
growing field of anatomic pathology and laboratory med-
icine. The most significant challenges facing the man-
agement team of a molecular pathology laboratory are con-
tinuous acquaintance with newly developed technologies,
new approaches for data analysis (bioinformatics), chang-
ing regulations, and evolving testing considerations for a
variety of clinical applications, as well as understanding
basic business concepts in marketing and finance. Keeping
pace with these challenges ensures that the molecular
pathology laboratory will be an even greater driving force
of medical practice in the 21st century and beyond.
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Zealand (IANZ), the Dutch Accreditation Council (RvA;
the Netherlands), and the European Molecular Genetics
Quality Network (EMQN). Standards and checklists used
for accreditation vary internationally but include CLIA,
CAP checklists, and International Standards Organization
(ISO) standards. Unfortunately, the lack of global stan-
dardization creates somewhat of a barrier to using offshore
laboratories for clinical testing, because equivalency of
accreditation status has not been determined. This is of
particular relevance in testing for very rare disorders, for
which only one or two clinical laboratories worldwide may
be performing the testing.

Proficiency Testing

A requirement for laboratory accreditation is participation
in an external proficiency testing program or external
quality assurance (EQA) program, where one exists. The
CAP offers surveys for numerous analytes (covering inher-
ited disorders, infectious diseases, and somatic mutations).
Programs also are provided by the EMQN, the United
Kingdom External Quality Assurance System, the Human
Genetics Society of Australasia (HGSA), and the Royal
College of Pathologists of Australasia (RCPA). At an inter-
national level, the Organisation for Economic Co-operation
and Development (OECD) has surveyed laboratories in
member countries regarding quality assurance (QA) and
proficiency testing practices.2 If external proficiency
testing is not available for a particular analyte or test, then
interlaboratory sample exchange, retesting of previously
analyzed samples, or both, are options to demonstrate
proficiency. Recommendations have been made for expan-
sion of proficiency testing programs and development of a
wider range of QA materials.3

Personnel Certification

CLIA regulations outline minimum requirements for 
laboratory directors. Some states require certification of
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Molecular pathology cannot be discussed without includ-
ing the translational nature of the clinical practice. While
the number of Food and Drug Administration (FDA)-
cleared or FDA-approved molecular pathology in vitro
diagnostic test kits and analyte-specific reagents is increas-
ing, the development of commercial test kits and reagents
does not keep pace with the clinically useful genomic 
information generated by basic, translational, and clinical
research. In the genomic in vitro diagnostic testing arena,
the molecular pathology laboratory stands at the interface
between science and medicine. With existing molecular
biology methods, the vast majority of genomic discoveries
linking genomic sequences or variations to disease states
or risk can be translated into clinical tests in the molecu-
lar pathology laboratory. The laboratory director and per-
sonnel must understand the regulations and standards that
govern this translational process to ensure that the high
quality of clinical practice is assured.

Regulations for Clinical Laboratories

Laboratory Accreditation

State and federal regulations stipulate that only laboratories
certified under the Clinical Laboratory Improvement
Amendments (CLIA) may perform testing when test results
are released to a patient or healthcare provider and results
are used for medical management.1 Many US laboratories
participate in the Laboratory Accreditation Program offered
by the College of American Pathologists, which has CLIA
deemed status. New York State also has CLIA deemed status
due to the high stringency of the state standards. The New
York Clinical Laboratory Evaluation Program monitors the
quality of New York State laboratories and laboratories in
other states that perform testing on samples from New York.

Accreditation agencies in other countries include 
Clinical Pathology Accreditation Ltd (CPA; United
Kingdom), the National Association of Testing Authorities
(NATA; Australia), International Accreditation New
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technologists working in clinical laboratories. Certification
processes and options have been reviewed.4

Regulation of Assays and Reagents

The FDA regulates commercial kits for clinical testing.
Additionally, reagents making up assays developed by 
individual laboratories are regulated by the FDA as analy-
tespecific reagents (ASRs). This means that the reagents 
are manufactured under current good manufacturing prac-
tices (CGMP) and are subject to restrictions on distribution,
use, and labeling.5 Laboratories using FDA-approved kits,
ASRs or laboratory-developed methods are required to val-
idate the tests under CLIA regulations prior to clinical
implementation.

Participation in Research Studies

Regulatory Standards

Title 45, Part 46 (Protection of Human Subjects) of the US
Code of Federal Regulations describes the policy of the US
Department of Health and Human Services for the pro-
tection of human research subjects. The document covers
functions of the Internal Review Board (IRB) and gene-
ral requirements for informed consent. The relationship
between study participants and researchers is addressed,
including complex issues related to participants’ access to
test results from their own specimen(s).6 Genetic coun-
selors can play a significant role in facilitating access to
research studies and ensuring appropriate informed
consent.7 Recommendations for consent form design and
content are available.8,9 Clinical laboratories that partici-
pate in research studies should comply with the research
regulations, including assuring IRB review and approval of
the research protocols, informed consent, and proper 
protection of the research information.

Academic Interest

Development of a clinical test may stem from a primary
research interest within the laboratory or may develop
through collaborations with basic science investigators,
clinical investigators, or clinicians with a focused medical
practice requiring molecular testing. Data gathered during
research can suggest that a test will have clinical applica-
tion. Ongoing investigation using clinical samples under an
IRB-approved protocol may then be used to determine the
clinical sensitivity, clinical specificity, and clinical utility of
the test.10 Even after a test becomes offered as a clinical
service, ongoing academic interest can be very valuable 
in making further test improvements or furthering the
molecular understanding of the disease (e.g., adding
methodologies to increase the clinical sensitivity, elucidat-
ing genotype-phenotype correlations to enhance result

interpretation, or identifying additional genetic loci or
variants associated with the disorder).

Definition of a Clinical Test

For the consumer, a clinical test is a test used for patient
management that is performed within the scope of
practice of an accredited laboratory. For the laboratory,
requirements are analytical and clinical validation of the
test, with internal, peer, or regulatory review, or some com-
bination of these, of the validation data, as required by 
regulation standards applicable to the specific laboratory,
usually based on location. All aspects of the clinical test
must be determined, including test conditions, controls,
procedure manual, personnel training, and all other
aspects of clinical testing, as described in chapter 49. Mech-
anisms and materials for pre- and postanalytical steps also
must be implemented, including test information, instruc-
tions for specimen collection, result reporting, and billing.

Considerations in Introducing New
Clinical Tests

Oversight of Molecular Tests

In 1995, the Task Force on Genetic Testing was convened
by the National Institutes of Health–Department of
Energy Working Group on Ethical, Legal, and Social Impli-
cations of Human Genome Research. The task force was
charged to review genetic testing in the United States and
to make recommendations where necessary to promote
safe and effective testing practices.11 As a result of the task
force recommendations, the Secretary’s Advisory Commit-
tee on Genetic Testing (SACGT) was formed to address
issues associated with new genetic test development,
including analytical and clinical validity, clinical utility,
laboratory quality, and healthcare provider education.
Functions of the SACGT have subsequently been assumed
by the Secretary’s Advisory Committee on Genetics,
Health, and Society (SACGHS), whose charter is to explore,
discuss, and make recommendations regarding various
issues (e.g., medical, ethical, legal, and social issues) asso-
ciated with the development and application of genetic
technologies. The Office of Genomics and Disease Preven-
tion (OGDP) at the Centers for Disease Control and Pre-
vention (CDC) also plays an active role in genetic test
development and monitoring as related to public health.
Similar processes have been carried out, or are occurring,
in other countries,12 for example, by the Human Genetics
Commission in the United Kingdom, the Institute for
Prospective Technological Studies (IPTS) and the Euro-
pean Society of Human Genetics in Europe,13 and through
the Australian Health Ministers’ Advisory Council
(AHMAC).
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Economic Considerations

The cost-effectiveness of genetic testing requires consider-
ation of the prevalence of the disease (and associated
genetic defects), burden of suffering, availability and
efficacy of treatment, and cost and accuracy of genetic
testing. As illustrative examples, a recent article evaluates
cost-effectiveness of genetic tests for hereditary nonpoly-
posis colorectal cancer, familial breast cancer, and peri-
odontal disease; CYP2C9 pharmacogenetic testing for
warfarin therapy; and thiopurine S-methyltransferase for
6-mercaptopurine therapy.14

Medicare payments for clinical tests are determined by
the Current Procedural Terminology (CPT) codes that
apply to the specific test. Each CPT code has a monetary
value. For many tests, the value of CPT codes is insufficient
to cover the cost of performing the test.15,16 SACGHS has
developed recommendations to address the inadequacy of
reimbursement for genetic testing.

Predicted Test Volume

Test volume will affect how frequently a test is performed
and the batch size of each test run. Test costs should be cal-
culated, incorporating fixed and variable costs accounting
for the batch size of each test run, with adjustment for
control costs. Tests run in small batches will be more costly
than tests with high batch sizes, predominantly because the
labor costs are distributed over fewer tests with smaller
batch sizes. The test volume should be high enough for the
laboratory to maintain competency in performing the test
and interpreting the results.

Resource Requirements

Staffing resources are required for test development, imple-
mentation, and ongoing provision of new clinical tests. The
adequacy of staffing and equipment for the additional
testing must be assessed and business plans developed and
implemented to obtain any additional resources required
for the new testing. New reagents will be required, includ-
ing control materials (e.g., from repositories such as Coriell
Cell Repositories, American Type Culture Collection
(ATCC), European Collection of Cell Cultures, and the
National Institute of Standards and Technology). Recent
research initiatives have been successful in developing
additional QA materials for genetic testing.17,18 Novel
testing platforms and technologies are being introduced
into the molecular marketplace at an astonishing rate.
Unfortunately, there is no one-size-fits-all technology in
molecular pathology practice. The nature of the genetic
defect, predicted test numbers, and instrument, reagent,
and royalty costs should be considered in determining the
most appropriate method and instrument for each test.19,20

Intellectual Property

Genes, mutations, methods, and technologies may be asso-
ciated with intellectual property rights and patents. Many
academic organizations now have intellectual property
offices that work with researchers to identify “inventions”
that can be patented. An overview of the patent process, a
“patent primer,” has been developed by the American
College of Medical Genetics (ACMG).21,22 The Genetics and
Molecular Medicine section of the American Medical Asso-
ciation Web site contains additional overview material and
useful links.22 Clinical laboratories wishing to implement a
new test should be aware that patents may limit the uti-
lization of specific inventions pertinent to that test. Indeed,
the patents and licensing practices for genetic sequences
associated with disease processes have a significant impact
on molecular pathology laboratories and have recently
caused concern, particularly when licenses are not broadly
available for clinical practice.23 In response to this concern,
the ACMG has prepared an educational document for con-
sideration in preparing licenses with guidelines that are
compatible with wide access to affordable genetic testing.24

The Test Development Process

ACMG Standards and Guidelines for Clinical Genetics 
Laboratories describe three levels in the development of a 
diagnostic test: research and development, investigational
studies, and accepted clinical test.20 In the United States,
CLIA regulations require clinical tests to have been vali-
dated by the testing laboratory. As outlined in the ACMG
standards and guidelines, test validation requires attention
to pretest components (e.g., sample and information 
collection), assay methodology, analytical validity, clinical
validity, clinical utility, and ethical, legal, and social issues.
Many of these aspects and additional items such as cost
analysis and billing have been discussed.25

Analytical Validity

The development of assay protocols should utilize appro-
priately maintained and calibrated equipment, testing
standards, quality controls, and defined interpretation cri-
teria. For numerical results, reference ranges need to be
determined and sources of assay variability need to be
defined and quantified. Analytical validity requires assess-
ment of the analytical sensitivity and analytical specificity.
Although publications have addressed analytical validity of
specific tests among cohorts of clinical laboratories, each
testing laboratory must determine the analytical sensitiv-
ity and specificity of its own test. The test procedure must
be documented, for example, by following guidelines estab-
lished by the Clinical and Laboratory Standards Institute
(CLSI; formerly NCCLS).26 Other CLSI documents, avail-
able on the CLSI Web site (http://www.clsi.org/source/
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custom/sortby.cfm?category-category) under the section
heading “Molecular Methods”, provide guidelines for the
application of molecular methods for genetic diseases,
infectious diseases, hematopathology, and fluorescence in
situ hybridization (FISH).

Clinical Validity

Clinical validity is an assessment of the frequency with
which the test identifies individuals who have the disorder
or clinical phenotype identified by the test. Components 
of clinical validity are clinical sensitivity and clinical
specificity. Data may be derived from the laboratory’s own
studies or by assessment of published data, or both.

Clinical Utility

Clinical utility incorporates the impact and usefulness of
the test weighed against the cost of testing and any adverse
health or psychosocial consequences. Factors to consider
include available interventions following positive or nega-
tive test results, economic or psychosocial benefits or
harms of testing, and implications of results for other
family members.

Informational Materials and Reports

In addition to development of a written test procedure,
the laboratory is required to provide information for 
the healthcare provider on specimen requirements and
transportation, test requisition requirements including
informed consent, test turnaround time, and other infor-
mation relevant to the ordering and use of testing.

The report format and content need to be established.
Reports should be interpretable by nongeneticist health-
care providers. Studies undertaken during recent years
highlight some of the difficulties encountered by primary
care physicians and other nongeneticists in correctly inter-
preting genetic risk information and in appreciating the
limitations of genetic testing.27,28 These studies are instruc-
tive for laboratory directors in pointing out the need to
avoid jargon as much as possible and to consider the
importance of the report format. Standards and guidelines,
best practice guidelines, and checklists for reporting are
available.20,29,30 Disease-specific guidelines also are helpful
in report formatting and content. For example, both the
EMQN guidelines for Prader Willi-Angelman syndromes
and for Friedreich ataxia31 and the ACMG guidelines for
cystic fibrosis and for fragile X syndrome20 discuss key ele-
ments to include in the reports and provide suggestions for
interpretive comments.

Mutation databases are invaluable resources in the inter-
pretation of sequence alterations detected in many genes
and disorders. However, such databases are not peer-
reviewed or quality-controlled resources. Therefore, peer-
reviewed publications for a particular mutation are

essential for providing the most appropriate report inter-
pretation. A challenging issue is interpretation of missense
alterations when no previous data exist to substantiate the
change as either a pathogenic mutation or a benign poly-
morphism. Methods to characterize variants, using BRCA1
mutation interpretation as a model, have been described.32

Considerations for molecular pathology reports for tests
other than inherited disorders are available.33 Discussions
include consideration of creating “unified” reports, for
example, incorporating molecular, flow cytometry, and
surgical pathology into a single hematopathology report.

Special Considerations for 
Rare Disorders

Conferences held in 2004 and 2005 evaluated the status of
testing for rare disorders and considered issues related to
quality, availability, access, and resources for rare disease
testing.34 Several recommendations for promoting quality
testing were made, and issues requiring further discussion
were identified. Subsequently, the ACMG published Tech-
nical Standards and Guidelines for Molecular Genetic
Testing for Ultra-Rare Disorders.35 These guidelines
acknowledge unique challenges associated with rare 
disorder testing that affect test validation (analytical and
clinical), quality assurance, and result interpretation.

A number of clinical laboratories offer testing to confirm
mutations identified in research laboratories. These serv-
ices range from provision of testing for a limited number
of disorders to custom mutation analysis for perhaps any
rare disorder for which a research laboratory has identified
a pathogenic mutation. Laboratories that offer this clinical
confirmation can be located in the GeneTests directory
available at www.genetests.org/servlet/ under the heading
“Custom Molecular Genetic Testing.”

Resources for Locating 
Testing Laboratories

Association for Molecular Pathology 
Test Directory

The Association for Molecular Pathology (AMP; see 
the AMP Test Directory, available at: http://www.
amptestdirectory.org) maintains a directory of laboratories
that provide molecular testing for infectious diseases, solid
tumors, and hematopathology. The directory is searchable
by various fields, including name of the disorder, molecu-
lar abnormality, disease agent, and laboratory location.

GeneTests

The GeneTests laboratory directory (http://www.genetests.
org) includes international laboratories that perform
testing for inherited disorders. Listed tests include mole-
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cular, biochemical, and FISH tests. Searchable fields include
disease name, gene, clinical feature, OMIM number, and
laboratory location. The GeneTests resource also includes
GeneReviews, a clinic directory, and educational materials.

The European Directory of DNA 
Diagnostic Laboratories

The European Directory of DNA Diagnostic Laboratories
(EDDNAL; http://www.eddnal.com) provides information
on molecular testing services for heritable syndromes and
disorders offered by laboratories throughout the European
Union countries and Norway, Poland, and Switzerland.
Searchable fields include disease name, OMIM number,
and laboratory name or location.

Orphanet

The Orphanet Web site (http://www.orpha.net/) provides
information on clinical- and research-based testing for 
rare diseases, as well as information on support groups 
and clinical trials. Search terms include disease name,
OMIM number, clinical signs, and laboratory name or 
location.

GENDIA

GENDIA (for genetic diagnostics; http://www.gendia.net/)
is an international network of more than 50 laboratories
located in the United States, Europe, and Australia. Samples
submitted for testing are sent to a single laboratory for dis-
tribution to the testing laboratories. Available tests can be
located by disease or gene.

Summary

Our knowledge of the molecular pathology of inherited
and infectious diseases and of numerous cancers has vastly
increased over the past several years. Additionally, the
practice of molecular pathology has been transformed by
the availability of new technologies, testing platforms, and
automation. Alongside the growth in knowledge and avail-
able technologies has been the introduction of numerous
standards, guidelines, and regulations that are designed to
ensure the provision of safe and accurate molecular 
tests in the clinical setting. These documents provide 
guidance to laboratories that are introducing new clinical
tests. Ongoing challenges such as the limited availability 
of QA materials and proficiency testing programs are 
being actively addressed, as are the economic, ethical,
legal, and social issues associated with molecular 
testing. The continued growth of molecular pathology
practice holds great promise for the future practice of
medicine.
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primers for, 21–22
protein truncation test in, 32
RFLP, 23–24
RG, 24
RT-PCR, 26
specificity factors for, 21–22
SSCP, 31
Taq polymerase in, 22–23
TGGE, 29
thermal cyclers for, 22

Real-time PCR, 15, 26–29
PCR v., 26

REs, 19
RNA/DNA isolation, 16–17
SDA, 34
signal amplification, 35–38

Mycoplasma pneumoniae, 476
Myeloproliferative disorders (MPD),

383–394
CML, 383–393

bone marrow engraftment analysis
for, 389–390

cytogenetics for, 385–386
diagnosis for, 385–387
gene translocations for, 384–385
molecular basis of, 383–384
monitoring for, 386–388, 392
RT-PCR analysis for, 387–390
treatment responses for, 386

MSP for, 394
PV, 393
recurrent genetic abnormalities in, 394
WHO classifications of, 383–384

Myoclonic epilepsy with ragged-red fibers
(MERFF), 94

Myotonic dystrophy (DM), 90–91
DMAHP and, 90
DMPK gene and, 90
genetic testing for, 90–91
RFLP for, 91
Southern blot analysis for, 90–91

Myotonic dystrophy type 2 (DM2), 91

N
NAA. See Nucleic acid amplification

assays
NASBA. See Nucleic acid sequence-based

amplification
NAT. See Nucleic acid amplification

testing
National Society of Genetic Counselors,

49
Neisseria gonorrhoeae (GC), 447–451

incidence rates for, 448
NAT testing for, 448–451

cross-reactivity in, 450
Nested PCR analysis, 24–25
Neurodegenerative disorders

AD, 184–185
classifications of, 184
genotyping for, 184–185
late-onset, 184
molecular basis of, 184

ADCAs, 180–184
FRDA, 181–182
genetic testing for, 182–183
molecular basis of, 180–182
molecular classifications for, 181
PCR analysis of, 183–184

ALS, 186–187
molecular classification of, 186

dystonia, 187–188
molecular classification of, 187
PCR-RFLP analysis for, 188

HD, 179–180
molecular basis of, 179
PCR genotyping for, 180

PD, 185–186

branched DNA, 35–36
in FISH analysis, 36–37
hybrid capture, 36

Southern blot analysis, 20–21
hybridization in, 21

Molecules, 2–6
biological, 2–4

amino acids, 3–4
carbohydrates, 2
nucleic acids, 2–3

genetic, 4–7
MRD. See Minimal residual disease

monitoring
mRNA. See Messenger RNA
MSI. See Microsatellite instability
MSP. See Methylation-specific PCR
mtDNA. See Mitochondrial DNA
Muenke syndrome, 113
Multiple endocrine neoplasia syndromes

(MEN)
incidence rates for, 233
linkage analyses for, 234, 238
MEN1, 233–236

genetic testing for, 234–235
genotype/phenotype predictions for,

236
hyperparathyroidism from, 235
molecular basis of, 233–234
mortality rates for, 235
mutations in, 235
polymorphisms for, 236
protein truncation testing for, 236
schematic representation of, 234

MEN2, 236–241
gene mutations in, 237
genetic testing for, 237–238
molecular basis of, 236–237
RET genes and, 236–241

Multiple myeloma, 355
Multiplex PCR analysis, 24
Muscular dystrophy, EB simplex and,

193–195
Mycobacterial infections, 481–487

direct detection of, 481–483
NAA assays in, 481–483
nonrespiratory specimens in,

482–483
respiratory specimens in, 481–482

epidemiology of, 484
identification of, 483
laboratory-developed methods for, 484,

486
automation/miniaturization as, 486
microarrays as, 486–487

molecular-based assays for, 483
molecular testing for, 484–486

laboratory issues in, 485–486
Mycobacterium tuberculosis, 471
Mycoplasma pneumoniae, 476
rRNA and, 483, 485
susceptibility testing, 483–484

Mycobacterium tuberculosis, 471
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molecular classification of, 185
prenatal testing for, 186

Neurofibromatoses, 243–248
feature disorder comparisons in, 244
linkage analysis for, 245, 247–248
NF1/NF2 genes and, 243–248

genomic structure of, 244
mutations in, 245, 247
protein truncation tests for, 246

type I, 243–246
genetic testing for, 243, 245
physical features of, 243

type II, 246–248
genetic testing for, 247–248

Neuromuscular diseases
BMD, 87–90

genetic testing for, 88–89
DM, 90–91

DMAHP and, 90
DMPK gene and, 90
genetic testing for, 90–91
RFLP for, 91
Southern blot analysis for, 90–91

DM2, 91
DMD, 87–88

Bayesian analysis for, 67–68
CAP testing for, 90
dystrophin proteins and, 87–88
gene mutations in, 88
gene size for, 88
genetic testing, 88–89
multiplex DNA amplification for, 89
partial gene duplications in, 88
pedigree analysis for, 68
Southern blot analysis for, 88–89

Kennedy disease, 95
Bayesian analysis for, 61–62
genetic testing for, 95

linkage analysis for, 89, 91
mitochondrial encephalomyopathies,

93–95
genetic testing for, 94–95
Kearns-Sayre syndrome, 94
with lactic acidosis, 94
MERFF, 94
molecular basis, 93–94

SMA
Bayesian analysis for, 61, 66–72
childhood, 92
genetic testing for, 92–93
pedigree analysis for, 68–70
RG-PCR analysis for, 93
SMN1 gene and, 92–93
SMN2 gene and, 92–93
type I, 92

NF1/NF2 genes, 243–248
genomic structure of, 244
mutations in, 245, 247
neurofibromatoses and, 243–248
protein truncation tests for, 246

NNRTIs. See Non-nucleoside reverse
transcriptase inhibitors

as inclusion factor, 511
residual, 512
STRs in, 512

Parentage testing, 507–514. See also
Relatedness testing

exclusion factors in, 510–511
inclusion factors in, 511–513

parentage index as, 511–512
probability assessment as, 512–513
RMNE as, 513

mtDNA in, 510
phenotyping for exclusion in, 510
proficiency testing program for,

507–508
RBC marker systems in, 507
reconstruction cases in, 513–514

Parkinson disease (PD), 185–186
molecular classification of, 185
prenatal testing for, 186

Paternity testing. See Parentage testing
Pathogens. See also Bacterial pathogens;

Respiratory tract infections
bacterial, 471–478

Bartonella henselae, 471
bloodstream/invasive, 473–474
CoNS, 473–474
genotyping strategies for, 472
Helicobacter pylori, 471
identification of, 471–473
Legionella pneumophila, 471
Mycobacterium tuberculosis, 471
Staphylococcus aureus, 473
Streptococcus pyogenes, 471

respiratory tract infections from,
459–468, 475–476

NASBA for, 463–464
PCR analysis for, 462
PFGE for, 466
RT-PCR analysis for, 463

viral
NASBA for, 425
TMA for, 425

PCR. See Polymerase chain reaction
PD. See Parkinson disease
Pedigree analysis, 49–60

assisted reproductive technologies
symbols for, 52

Bayesian analysis used for, 59–63
common symbols in, 50
direct mutation, 58–59
for DMD, 68
genetic family history and, 49, 53–54
genetic testing symbols, 53
HIPAA regulations for, 53
line definitions in, 51
linkage, 59
Mendelian inheritance patterns in,

54–55
autosomal dominant, 54
autosomal recessive, 54
X-linked dominant, 54
X-linked recessive, 55

Non-nucleoside reverse transcriptase
inhibitors (NNRTIs), 400

Northern blotting, 21
NRTIs. See Nucleoside reverse

transcriptase inhibitors
Nucleic acid amplification (NAA) assays,

481–482
for TB diagnosis, 481–483

Nucleic acid amplification testing (NAT)
automated, 451
for CT, 447–451
for GC, 448–451

cross-reactivity in, 450
for TV, 452–453

Nucleic acids, 2–3
genotypes and, 12
hybridization between, 5
isolation of, 16

cell lysis from, 16
chaotropic salt-silica column

extraction in, 16
ethanol-salt precipitation in, 16
organic extraction in, 16

motifs, 9
quantitation for, 17

Nucleic acid sequence-based amplification
(NASBA), 34–35

for enteroviruses, 439
for respiratory tract pathogens, 463–464
schematic of, 34
of viral pathogens, 425

Nucleoside reverse transcriptase
inhibitors (NRTIs), 400

O
Occult tumor cells. See Tumor cells, occult
OI. See Osteogenesis imperfecta
Okazaki fragments, 6
OLA. See Oligonucleotide ligation assay
Oligonucleotide ligation assay (OLA), 25

for HHC, 152
OpenGene system, 405
Ornithine transcarbamylase deficiency

(OTC), 98–99
Osteogenesis imperfecta (OI), 191–193

genetic testing for, 192–193
phenotypic characteristics for, 191
type I, 191
type II, 191
type III, 192
type IV, 192

Osteoglophonic dysplasia, 114
OTC. See Ornithine transcarbamylase

deficiency

P
P53. See TP53 gene
PAH. See Phenylalanine hydroxylase gene
Palmoplantar keratoderma (PPK), 126
Parentage index, 511–512

with allele frequencies, 512
combined, 511–512
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Pedigree analysis (cont.)
Y-linked, 55

non-Mendelian inheritance patterns in,
56–58

chromosomal, 56
contiguous gene disorders, 56
features of, 56
imprinting, 57
mitochondrial, 56
multifactorial, 57–58
synergistic heterozygosity, 57
trinucleotide repeat disorder,

57
UPD, 57

risk assessment in, 58
for SMA, 68–70

PEL. See Primary effusion lymphomas
Pendred syndrome, 127–129

DHPLC used for, 128–129
genetic testing for, 128
intrafamilial variability for, 128
molecular basis of, 127–128
SSCP analysis used for, 128

Peutz-Jeghers syndrome, 220–221
genetic testing for, 221
hamartomatous polyp of, 220
melanin pigmentation from, 220
molecular basis of, 221

Pfeiffer syndrome, 112
PFGE. See Pulsed field gel electrophoresis
PGD. See Preimplantation genetic

diagnosis
Pharmacogenetics, invasive breast cancer

strategies and, 274
Pharmacogenomics, for invasive breast

cancers, 276
Phenotypes

BRAC1/BRAC2 gene screening,
208

CMV testing for, 428–429
genotypes v., 12
for HIV, 403–404
MEN syndrome predictions, 236
OI characteristics, 191
PAH gene correlations for, 98
in parentage testing, 510
for VHLD, 263–264

Phenylalanine hydroxylase gene (PAH),
97–98

genotype-phenotype correlations for,
98

Phenylketonuria (PKU), 97–98
genetic testing for, 97–98
incidence rates for, 97
PAH gene and, 97–98

genotype-phenotype correlations for,
98

PIs. See Protease inhibitors
PKU. See Phenylketonuria
Platelets, 135

VWF and, 135
Polycythemia vera (PV), 393

clinical presentations of, 431
early detection of, 431
from EBV, 431–432
in organ transplant recipients, 375–376
PCR analysis for, 431–432

PPK. See Palmoplantar keratoderma
Prader-Willi syndrome (PWS), 79–81

chromosome analysis for, 80
diagnostic testing for, 79–80
methylation analysis for, 80–81
molecular basis of, 79
prenatal testing for, 80
Southern blot analysis for, 81

Predictive genetic testing, 45
elements, 45

Preimplantation genetic diagnosis (PGD),
44

Prenatal testing, 43–44
CF screening in, 44
CVS in, 44
IVF and, 44
PGD, 44

Primary effusion lymphomas (PEL),
374–375

Prokaryotic cells, 1
DNA sizes of, 2

Protease inhibitors (PIs), 400
Proteins

genes and, 8–12
structures, 12

Protein truncation tests, 32
for APC gene, 217
for MEN syndromes, 236
in molecular pathology methods, 32
for NF1/NF2 genes, 246
in PCR analysis, 32

Proteomics, 314
Prothrombin 20210G, 148

in coagulation disorders, 136, 144, 146,
148

Prothrombinase complex, 136
PTLDs. See Posttransplantation

lymphoproliferative disorders
Pulsed field gel electrophoresis (PFGE)

for bacterial pathogen epidemiology,
478

for respiratory tract pathogens,
molecular testing for, 466

PV. See Polycythemia vera
PWS. See Prader-Willi syndrome
Pyazinamide (PZA), 484
PZA. See Pyazinamide

R
Random man not excluded (RMNE), in

parentage testing, 513
RCM. See Restrictive cardiomyopathy
Real-time PCR (polymerase chain

reaction) analysis, 15, 26–29
for AML, 331–332
Amplicon carryover contamination

and, 35

Polymerase chain reaction analysis
(PCR), 15, 21–32. See also Real-
time PCR; Reverse transcription-
polymerase chain reaction analysis

for ADCAs, 183–184
for ALL, 340
allele-specific, 25

for HHC, 153
ASOH, 25
for BCLs, 357–358, 357–359
for BK virus, 429
DASH, 26
DGGE, 30
DHLCP, 31–32
DNA methylation, 29
in forensic DNA typing, 495–499

HLA histocompatibility in, 496
STRs in, 496–499

for FRDA, 183
for FXS, 76
for HCV, 23
heteroduplex analysis in, 30–31
for HHV-6, 432–433
for HIV, 23
for HPV, 455–456
MSP, 29
multiplex, 24
nested, 24–25
OLA, 25
primers for, 21–22
protein truncation test in, 32
for PTLDs, 431–432
Real-time PCR v., 26

for AML, 331–332
for respiratory tract pathogens, 462
RFLP, 23–24

for dystonia, 188
for FGFR disorders, 110
for HHC, 152
for inherited thrombophilias, 146

RG, 24
for RH incompatibility, 159
RT-PCR, 26

for ALL, 340–343
for AML, 330–331, 333
for CML, 387–390
for HER2/NEU genes, 270–271
HIV viral load assays, 402, 407
for occult tumor cells, 305–309

for sarcomas, 292–293
specificity factors for, 22–23
SSCP, 31
SSP-PCR, 546
subtelomeric disorders and, 84
Taq polymerase in, 22–23
for T-cell lymphomas, 367–370
TGGE, 30
thermal cyclers used for, 22
for TP53 gene, 255–256

Posttransplantation lymphoproliferative
disorders (PTLDs), 375–377

in allogeneic BMT, 375–376
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hybridization in, 27
Lux and, 27–28
methods of, 28–29
molecular beacon used in, 27
PCR v., 26
plateaus in, 28
for sarcomas, 293–294
Scorpion primer in, 27
TaqMan in, 27
10-fold dilution series for, 29
uniprimer systems in, 27

Red blood cells (RBC), marker systems in,
507

Relatedness testing, 507–508
adoption/absent parents, 508
forensic parentage and, 508
immigration and, 508
parentage and, 507
RFLP in, 509
samples for, 508–509
for sibship, 514
STRs in, 509

REs. See Restriction endonucleases
Respiratory syncytial virus (RSV), 461
Respiratory tract infections (from

pathogens), 459–468, 475–476
Bordetella pertussis, 476
community-acquired pneumonia, 459
diagnostic testing for, 459, 461
from human influenza viruses, 466
from human metapneumovirus, 461
molecular testing for, 461–467

microbial typing in, 465–467
NASBA, 463–464
nucleic acid v. antigen methods in,

462–465
PCR analysis, 462
PFGE in, 466
RT-PCR, 463

Mycoplasma pneumoniae, 476
phylogenetic tree for, 466
in public settings, 460–461
rRNA and, 464–465
RSV, 461
from Streptococcus pyogenes, 476

Restriction endonucleases (REs), 19
Restriction fragment length

polymorphism (RFLP), 23–24
for bacterial pathogen epidemiology,

478
for DM, 91
for forensic DNA typing, 491, 494–495
in relatedness testing, 509
STRs v., 497
VNTR loci and, 494
for VWD, 143

Restriction-site generating PCR analysis
(RG-PCR), 24

for SMA, 93
Restrictive cardiomyopathy (RCM), 161,

167–168
molecular basis of, 168

mycobacterial infections and, 483, 485
respiratory tract pathogens and,

464–465
STDs and, 449, 452

RIF. See Rifampin
Rifampin (RIF), 483
RMNE. See Random man not excluded
RMNE (Random man not excluded), in

parentage testing, 513
RNA. See Ribonucleic acid
rRNA. See Ribosomal RNA
RSV. See Respiratory syncytial virus
RT-PCR. See Reverse transcription-

polymerase chain reaction

S
SAGE. See Serial analysis of gene

expression
Sarcomas, 287–296

chromosomal abnormalities and,
287–290

chromosomal translocations in, 287,
290–291

cytogenetic diagnostic methods for, 290
FISH analysis for, 291
gene fusion and, 287, 290
karyotyping for, 291
minimal disease detection for, 295
molecular basis of, 287–288, 290
oncogenetic nature of, 290
PCR testing for, 292
prognostic information for, 295
Real-time RT-PCR for, 293–294
RT-PCR analysis for, 292
southern blot analysis, 291–292
synovial, 295
tumor entity redefinitions for, 293–294
tumor-specific therapies for, 295

SBA. See Southern blot analysis
SBMA. See Kennedy disease
SCA. See Spinocerebellar ataxia
SCD. See Sudden cardiac death
Scorpion primer, 27
SD. See Sickle cell disease
SDA. See Strand displacement

amplification
Sequence-specific oligonucleotide probe

hybridization (SSOPH), 546–547
Sequence-specific primer PCR analysis

(SSP-PCR), 546
Serial analysis of gene expression (SAGE),

309
Serology tests, forensic DNA typing and,

492
Sexually transmitted diseases (STDs),

447–456
CDC testing guidelines for, 451
CT, 447–451

incidence rates for, 447
NAT testing for, 447–451
risk factors for, 447

GC, 447–451

RET gene, 236–241
common mutations for, 237–238
DNA sequencing for, 240
Hirschsprung disease and, 237
MEN2 and, 236–241
oligonucleotide primer sequences for,

238
product diagram for, 236
unequal codon amplification for, 241

Rett syndrome
DHPLC for, 82
genetic testing for, 81–82
MECP2 gene and, heterozygous

sequence variation in, 82
prenatal testing for, 82–83

Reverse dot-blot analysis, for specimen
identification, 535

Reverse transcription-polymerase chain
reaction analysis (RT-PCR), 26

for ALL, 340–343
for AML, 331, 333
for CML, 387–389
for HER2/NEU genes, 270–271
for HIV viral load, 402, 407
for occult tumor cells, 305–309
for respiratory tract pathogens, 463

RFLP. See Restriction fragment length
polymorphism

RH incompatibility, 157–160
genomic organization for, 157
genotyping assay for, 158
HDN from, 157
PCR-based testing for, 159
prenatal blood group determination

for, 158
Ribonucleic acid (RNA). See also

Ribosomal RNA; Transfer RNA
genes and, 8–9
in HCV, 17, 416–418
in HIV, 17
isolation of, 16–17
mRNA, 5
rRNA, 11, 33

16S, 449, 471–475, 485
18S, 452
23S, 449, 472–473, 477, 483
bacterial pathogens and, 471–475,

477–478
mycobacterial infections and, 483,

485
respiratory tract pathogens and,

464–465
STDs and, 449, 452

topology of, 5
translation of, 10
tRNA, 2

Ribosomal RNA (rRNA), 11, 33
16S, 449, 471–475, 485
18S, 452
23S, 449, 472–473, 477, 483
bacterial pathogens and, 471–475,

477–478
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Sexually transmitted diseases (STDs)
(cont.)

incidence rates for, 448
HPV, 453–456

cervical cancers from, 454
incidence rates for, 454
molecular testing for, 454–456

molecular testing for, 447–451
NAT, 447–451
for noninvasive specimen types, 451
out-of-the-vial, 451

rRNA and, 449, 452
TV, 451–453

Short tandem repeats (STRs)
for chimerism analysis, 520–522, 524
in forensic DNA typing, 496–499
in parentage index, 512
in relatedness testing, 509
RFLP v., 497
in specimen identification, 535

Sickle cell disease (SD), 12, 154–157
genetic testing for, 156–157
incidence rates for, 154
mortality from, 154

Signal amplification methodologies
branched DNA, 35–36

diagram, 36
DNA arrays/chips, 37–38
FISH analysis, 36–37

advantages of, 37
dual-color, 37
multiplex, 37
SKY, 37
Southern blot analysis v., 37
specificity of, 37

hybrid capture, 36
Single nucleotide polymorphisms (SNPs)

for chimerism analysis, 521
for invasive breast cancers, 274–275

Single-strand conformation
polymorphism analysis (SSCP), 31

in AML screening, 332
for LPDs, 380
for Pendred syndrome, 128
variations of, 31

Skin and connective tissue disorders
achondrogenesis, 199–201

AO2, 199–200
molecular basis of, 199
type 2, 200–201

CVS and, 192, 195
EB, 193–196

dystrophic, 195
genetic testing for, 195
junctional, 194–195
simplex, 193–195

EDS, 196–199
arthrochalasic type of, 198–199
classic types of, 196–197
dermatosparactic type of, 199
genetic testing for, 196–199
hypermobility type of, 197

Spinobulbar muscular atrophy (SBMA).
See Kennedy disease

Spinocerebellar ataxia (SCA), 47
genetic testing for, 47

SSCP. See Single-strand conformation
polymorphism

SSOPH. See Sequence-specific
oligonucleotide probe
hybridization

SSP-PCR. See Sequence-specific primer
PCR analysis

Staphylococcus aureus, 473
STDs. See Sexually transmitted diseases
STR. See Streptomycin
Strand displacement amplification (SDA),

34
Streptococcus agalactiae, 474
Streptococcus pyogenes, 471

respiratory tract infections from, 476
Streptomycin (STR), 483
Subtelomeric disorders, 84–85

CGH used for, 84–85
chromosomes and, 84
FISH analysis for, 84–85
genetic testing for, 84
molecular basis of, 84
PCR analysis and, 84

Sudden cardiac death (SCD), 161
Survival motor neuron genes,

SMN1/SMN2, 92–93
Synergistic heterozygosity, 57

T
Tay-Sachs disease (TSD), 99–100

American College of Medical Genetics
testing guidelines for, 100

American College of Obstetricians and
Gynecologists testing guidelines
for, 100

genetic testing for, 100
infantile, 99

TB. See Tuberculosis
T-cell lymphomas, 365–370

FISH analysis for, 368
laboratory issues for, 370
neoplasms for, 367
PCR analysis for, 367–370

specificity in, 369–370
testing sensitivity in, 369

Southern blot analysis for, 367
TCR genes in, 365–370

translocations/deletions in, 365–366
testing for, 366–368

T cell receptor A (TCRA) gene, 338, 365
T cell receptor B (TCRB) gene, 337–338,

342, 344, 365–367, 370
T cell receptor D (TCRD) gene, 337–338,

342, 344, 365
T cell receptor (TCR) genes, 337–338,

341–342
ALL and, 337–338
chromosomal location of, 366

kyphoscoliotic type of, 198
molecular basis of, 196
vascular type of, 197–198

Marfan syndrome, 201–202
genetic testing for, 201–202
molecular basis for, 201
overlap syndromes and, 201

OI, 191–193
genetic testing for, 192–193
phenotypic characteristics for,

191
type I, 191
type II, 191
type III, 192
type IV, 192

proficiency testing programs for, 196,
201–202

SKY. See Spectral karyotyping
SMA. See Spinal muscular atrophy
SMN1/SMN2 genes. See Survival motor

neuron genes
Southern blot analysis (SBA), 20–21

for AS, 81
for BCLs, 358–359
for DM, 90–91
for DMD, 88–89
DNA quantities for, 20
FISH v., 37
for FXS, 75–76
HNPCC screening by, 230
hybridization in, 21
for Kearns-Sayre syndrome, 94
for LPDs, 379
for PWS, 81
for sarcomas, 291–292
for T-cell lymphomas, 367
for VHLD, 264

Specimen identification (DNA analysis),
533–537

DNA typing results in, 536–537
histologic “floaters” in, 533–534
hydatidiform evaluation in, 534, 537
maternal cell contamination in, 534
microdissection in, 534–535

chemical, 535
laser capture, 535

mutation in, 536–537
Reverse dot-blot analysis for, 535
sample identification in, 535–536
selection/documentation in, 534
STR analysis for, 535
tissue fixation in, 534

Spectral karyotyping (SKY), 37
Spinal muscular atrophy (SMA), 91–93

Bayesian analysis for, 61, 66–72
childhood, 92
genetic testing for, 92–93
pedigree analysis for, 68–70
RG-PCR analysis for, 93
SMN1 gene and, 92–93
SMN2 gene and, 92–93
type I, 92
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development stages for, 366
MRD quantification of, 341
rearrangements in, 365
in T-cell lymphomas, 365–370
TCRA, 338, 365
TCRB, 337–338, 342, 344, 365–367, 370
TCRD, 337–338, 342, 344, 365
TCRG, 30, 337–338, 342, 344, 360, 365,

367–370, 378
translocations/deletions in, 365–366

T cell receptor G (TCRG) gene, 30,
337–338, 342, 344, 360, 365,
367–370, 378

TCR. See T cell receptor genes
TCRA. See T cell receptor A (TCRA) gene
TCRB. See T cell receptor B (TCRB) gene
TCRD. See T cell receptor D (TCRD) gene
TCRG. See T cell receptor G (TCRG) gene
Telomerases

positive/negative cases of, 282
in UC testing, 282–283

Temperature gradient gel electrophoresis
(TGGE), 30

TGGE. See Temperature gradient gel
electrophoresis

Thalassemias, 154–157
genetic testing for, 155–156
population-specific mutations in, 155

Thanatophoric dysplasia, 115–116
Thrombophilias, inherited, 144–149

anticoagulant system and, 144
Factor V Leiden, 145–148

carrier frequency for, 145
cleavage sites for, 145
direct DNA analysis for, 146
genetic testing for, 145–146
molecular basis of, 145
PCR-RFLP analysis for, 146
testing factors for, 147
treatment therapies for, 147–148

hyperhomocysteinemia, 148–149
genetic testing for, 148
metabolism pathways for, 148
molecular basis for, 148–149

prothrombin 20210G, 148
VTE, 144–146

incidence rates for, 145
Tissue microarray studies, 314–315
TMA. See Transcription-mediated

amplification
TP53 gene. See also Li-Fraumeni

syndrome
allelic imbalance as signal for, 252
allelic loss analysis for, 259–260
DNA sequencing for, 258
exon point missense in, 252
genetic testing for, 254–258
gliomas and, 301
immunostaining for, 258–259
invasive breast cancers and, 272–273
LOH and, 257
microdissection genotyping for, 252

ependymal, 299
FISH analysis for, 302
genetic pathways for, 300
mixed lineage, 299
molecular markers for, 299–301
molecular testing for, 301–302
oligodendrogliomas, 299, 301
TP53 genes and, 301
WHO classifications of, 299

metastatic, 317
microarray study classification for,

316–317
occult cells, 305–309

in blood-borne cells, 307–308
in body fluids, 308
in bone marrow, 308
cancer metastasis in, 305
DNA markers in, 306
IHC methods for detection of,

305–307
in lymph nodes, 307
molecular basis of, 305
mRNA markers in, 305
RT-PCR analysis for, 305–309
SAGE methods for, 309
stem cell harvests and, 308
in surgical margins, 308
treatment monitoring for, 308

specific therapies for, 295
suppressor genes and, 350

TV. See Trichomonas vaginalis

U
UC. See Urothelial carcinoma
Uniparental disomy (UPD), 57, 76–79

DNA marker analysis for, 78
FISH analysis for, 79
gamete complementation as factor for,

76
genes associated with, 77
genetic testing for, 77–78
maternal, 76
mechanisms leading to, 76
paternal, 76
recessive disorders from, 77

Universal Genetic Code, exceptions to, 11
UPD. See Uniparental disomy
Urea cycle disorders, 98–99

liver transplantation for, 98–99
OTC and, 98–99

Urothelial carcinoma (UC), 279–284
CGH studies for, 279
DIA testing for, 280
DNA ploidy analysis for, 280
FGFR3 genes and, 283
FISH analysis for, 280–281
genetic pathways for, 280
MA for, 279, 281–282
MMR and, 279
molecular basis of, 279–280
nonneoplastic cells, 281
telomerase utility for, 282–283

molecular aspects of, 251–252
mutation of, 251–253
PCR testing for, 255–256
as predictor of cancer aggressiveness,

254
tissue microdissection and, 255
UC and, 283

Transcription-mediated amplification
(TMA), 33–34

cycle for, 33
of viral pathogens, 425

Transfer RNA (tRNA), in mitochondrial
cells, 2

Transplant patients
allogeneic bone marrow, LPDs in, 376
liver

HCV and, 430–431
metabolic disorders in, 98–99

organ, LPDs in, 375–376
PTLDs in, 375–377
viral infections in, 425–433

Trastuzumab therapy, for invasive breast
cancers, 271

Trichomonas vaginalis (TV), 451–453
incidence rates for, 452
NAT testing for, 452–453

laboratory issues in, 453
proficiency testing program for, 453

Trinucleotide repeat disorders, 57
Trisomy 3, 353
Trisomy 12, 351
Trisomy 18, 353
tRNA. See Transfer RNA
TSD. See Tay-Sachs disease
Tuberculosis (TB). See also

Mycobacterium tuberculosis
AMTD testing for, 481–482
EMB for, 483
INH for, 483
NAA assays for, 481–482
PZA for, 483
RIF for, 483
STR for, 483

Tumor cells, occult, 305–309
in blood-borne cells, 307–308
in body fluids, 308
in bone marrow, 308
cancer metastasis in, 305
DNA markers, 306
IHC methods for detection of, 305–307
in lymph nodes, 307
molecular basis of, 305
mRNA markers in, 305
RT-PCR analysis for, 305–309
SAGE methods for, 309
stem cell harvests and, 308
in surgical margins, 308
treatment monitoring for, 308

Tumors
entity redefinitions for, 293–294
gliomas, 299–302

astrocytic, 299
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Urothelial carcinoma (UC) (cont.)
TP53 gene and, 283
urine cytology and, 283

V
Variable number of tandem repeat

(VNTR), 494
Varicella-Zoster virus (VZV), 440
Vascular system, 135

coagulation cascade in, 136
platelets as part of, 135
prothrombinase complex in,

136
Venous thromboembolism (VTE),

144–146
incidence rates for, 145

VHLD. See von Hippel-Lindau syndrome
Viral load testing

DNA assays for HIV, 402–403
for HCV, 417, 431
for HIV, 399–406

drug resistance, 403–406
false-positive results for, 405
OpenGene system, 405
proviral DNA, 402–403
RT-PCR analysis of, 402, 407

Viruses. See also Enteroviruses; Hepatitis
B virus; Hepatitis C virus; Herpes
viruses; Human immunodeficiency
virus; Respiratory tract infections;
Sexually transmitted diseases;
Viral load testing

arboviruses, 441–443
diagnosis of, 442
epidemiology of, 441–442
molecular tests for, 442–443, 443
WNV, 442

BKV, 429–430
antiviral treatment for, 429–430
late-onset HC from, 430
PCR analysis for, 429
risk factors for, 429

CMV, 425–429, 443–444
clinical manifestations of, 425–426
in CNS, 443–444
incidence rates for, 426
molecular assays for, 426, 427
PCR analysis for, 426–427

peptide domains for, 141
RFLP for, 143
Type 1, 142
Type 2, 142–143

variants of, 142–143
Type 3, 142

von Willebrand factor (VWF)
platelets and, 135

VS. See Vohwinkel syndrome
VTE. See Venous thromboembolism
VWD. See von Willebrand disease
VWF. See von Willebrand factor
VZV. See Varicella-Zoster virus

W
West Nile virus (WNV), 442

incidence/mortality rates for, 442
WHO. See World Health Organization
Williams syndrome (WS), 83–84

FISH analysis for, 83–84
genetic testing for, 83–84
molecular basis of, 83

WNV. See West Nile virus
Wolfram syndrome, 129–130

genetic testing for, 129–130
molecular basis of, 129

World Health Organization (WHO)
AML classifications by, 324–325
BCLs classification by, 349–350
glioma classifications under, 299
HBV testing guidelines, 414
LPDs classifications by, 373
MPD classifications by, 383

WS. See Williams syndrome

X
X-ALD. See X-linked

adrenoleukodystrophy
X-linked adrenoleukodystrophy (X-ALD),

105–106
genetic testing for, 105
model of, 106
molecular basis for, 105

X-linked dominant inheritance, 54
X-linked recessive inheritance, 54

Y
Y-linked recessive inheritance, 54

phenotypic/genotypic testing for,
428–429

preemptive therapy for, 427
prophylactic therapy for, 427
relapsing disease for, 428
viral load decline for, 428

in CNS, 437–445
arthropod-borne, 438
diagnostic testing for, 437–439
enteroviruses, 439–440
epidemiology of, 437
molecular amplification methods for,

438
primary, 438

EBV, 378–379
PTLDs from, 431–432

HPV, 453–456
cervical cancers from, 454
incidence rates for, 454
molecular testing for, 454–456

human influenza, 466
human JCV, 444
human metapneumovirus, 461
NASBA for, 425
TMA for, 425
in transplant patients, 425–433

VNTR. See Variable number of tandem
repeat

Vohwinkel syndrome (VS), 126
von Hippel-Lindau syndrome (VHLD), 45,

263–266
as autosomal dominant trait, 263
CVS and, 266
diagnostic testing for, 264
DNA sequence analysis for, 265
incidence rates for, 263
LOH and, 263
molecular basis of, 263–264
mosaicism and, 266
mutation detection rates for, 264
phenotypes for, 263–264
Southern blot analysis for, 264

von Willebrand disease (VWD), 138–139,
141–144

direct DNA analysis for, 143–144
factor multimer distribution for, 142
genetic testing for, 143–144
molecular basis of, 141–142
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