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           Introduction 

 Treatment protocols for cancer patients are 
 rapidly evolving as molecular genetic information 
is increasingly used to guide disease management 
decisions. Cancer diagnosis has traditionally been 
made according to histology, anatomic origin, 
cytogenetics as well as protein-based assays such 
as immunohistochemistry, and, more recently, 
high-dimension cell surface marker fl ow cytome-
try. Clinical oncologists still, in part, select the 
most appropriate treatment regiment based on 
these parameters and the extent of spread of the 
tumor. However, the integration of molecular test-
ing with these conventional methods has ushered 
in an era of “precision” medicine in clinical oncol-
ogy [ 1 ]. This new direction takes advantage of the 
data-intensive efforts over the past decades that 
have revealed large numbers of previously 
unknown genetic aberrations, many of which are 
likely to be fundamental molecular drivers of 
 cancer. Although the majority of these molecular 
aberrations are, as yet, poorly understood, a 
 limited subset has been found to occur across 
multiple cancer types and appears to be critical 

for oncogenesis and tumor progression. These are 
the molecular targets that are transforming 
clinical cancer care. 

 A direct result of this expanding catalogue of 
common molecular defects is the development of 
therapies that specifi cally target oncogenic path-
ways [ 2 ]. As a result, treatment decisions are now 
increasingly informed by genetic biomarkers, 
ultimately leading to targeted therapies that can 
augment, or even entirely replace, previously 
established chemotherapies. These successes 
have caused many to adopt a genomic view of 
cancer in which the myriad genetic events that 
occur during oncogenesis and tumor progression 
can be used to stratify patients for targeted thera-
pies. For clinical molecular laboratories, next- 
generation sequencing (NGS) is obviously the 
key promising technology for tumor genomic 
profi ling. Certainly in the coming decades, NGS 
instruments will become ubiquitous in clinical 
laboratories. This powerful technology has 
already revolutionized the basic research realm 
by enabling whole-genome, exome, and tran-
scriptome sequencing at rates that are dramati-
cally faster and cheaper than traditional 
Sanger-based methods. Major multinational 
efforts have been initiated with the goal of using 
NGS to understand a wide variety of cancers at 
the genome and epigenome level, including The 
Cancer Genome Atlas (TCGA) and the 
International Cancer Genome Consortium (ICGC) 
[ 3 ]. It is hoped that these molecular data will 
engender  signifi cant research by academia and 
industry that will result in many new drug targets 
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and clinically useful biomarkers [ 4 ]. For clinical 
oncology, the goal of profi ling every cancer for 
clinically actionable molecular targets using NGS 
underlies the ultimate ambition of precision can-
cer medicine [ 5 ]. 

 Although NGS holds great promise for the 
fi eld of oncology, both its cost and information- 
dense complexity require signifi cant expertise 
and computational infrastructure that currently 
make it impractical for most clinical laboratories. 
Fortunately, over the long term, the cost of whole- 
genome sequencing will decrease to the point 
that it will be economically viable in the clinical 
setting, though the exact time frame for this is 
diffi cult to predict. Even with “thousand-dollar” 
whole-genome sequencing, however, it may not 
be the cost of sequencing that will impede the 
adoption of cancer genotyping but rather the 
complex data analysis that is required down-
stream. Here too there is some good news: tech-
niques have been developed that can reduce the 
complexity of NGS by enriching only exonic 
DNA prior to sequencing (“exome sequencing”), 
thus avoiding the large inter-gene and intronic 
regions that remain poorly understood. Additional 
advancements such as DNA barcodes and pool-
ing of samples may also increase NGS through-
put while reducing cost [ 5 ]. And clearly there is 
an ongoing major attempt by academia and 
industry to streamline the bioinformatic pipeline 
so that non-computational laboratory personnel 
can align sequencing reads to the human genome 
for mutation discovery. 

 Regardless of these technical refi nements, it 
will be several years before the NGS technology 
and computational infrastructure are affordable 
and mature enough for validation and generalized 
clinical use in cancer diagnostics. Furthermore, 
although NGS approaches may reveal biomark-
ers that are associated with disease progression 
or drug response in human patients, the informa-
tion does not necessarily guarantee that they are 
the mechanisms and pathways that are at the root 
of the tumor phenotype and should therefore be 
considered therapeutic targets [ 6 ]. Thus, more 
sophisticated technical and analytical methods 
are needed that can defi ne, and enrich for, the 

mutations that contribute directly to cancer 
 progression and therapy response. This remains a 
formidable challenge that will dictate the pace of 
routine use of NGS for clinical cancer testing in 
the immediate future. 

 Despite these limitations, the successes with 
conventional methods of cancer genotyping 
(e.g., cytogenetics, FISH, PCR, Sanger sequenc-
ing, fragment analysis) have already forced 
oncologists and pathologists to reassess their reli-
ance on anatomic origin and clinical progression 
for diagnosing cancer subtypes and then choos-
ing treatments regardless of the underlying 
genetic change(s) [ 5 ]. While well established, 
these methods are frequently laborious and pro-
vide only limited information regarding the can-
cer genome status in clinical samples. To bridge 
this divide between traditional assays and the 
coming NGS era, relatively simple multiplexed 
diagnostic assays have been developed that use 
existing molecular techniques to provide high-
content molecular information in an effi cient and 
cost- effective manner. These newer assays 
exhibit high sensitivity and specifi city for muta-
tion detection, interrogate a large panel (on the 
order of hundreds) of mutations within onco-
genes and tumor suppressor genes, and perform 
robust mutation detection in DNA from both fro-
zen and formalin-fi xed, paraffi n-embedded 
(FFPE) tumor material. Importantly, these tech-
nologies allow molecular pathology laboratories 
to begin offering high-content oncologic molecu-
lar assays to treating physicians without the need 
for signifi cant resource investment as would be 
required with NGS. 

 One example of such an approach is SNaPshot, 
a robust and highly sensitive tumor genotyping 
technique fi rst developed at the Massachusetts 
General Hospital [ 2 ]. This high-throughput 
genetic profi ling platform, whose only major 
instrumentation requirement is a capillary 
electrophoresis- automated DNA sequencer, can 
be multiplexed to assay hundreds of individual 
genomic positions at which known clinically 
actionable nucleotide changes frequently occur. 
Moreover, SNaPshot is rapid, sensitive, specifi c, 
cost-effective, and fl exible enough to allow 
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molecular targets to be added to the platform. 
When combined with other technologies such as 
Sanger sequencing and fragment size analysis, a 
comprehensive cancer assay is within reach for 
clinical molecular laboratories in terms of overall 
resource expenditure and technical expertise. An 
assay using this approach has been developed 
and offered at Stanford for high-content cancer 
genotyping since 2011. In this chapter, we will 
use our assay as an example of current methods 
for high-throughput clinical genotyping during 
the transition of diagnostic molecular pathology 
to the genomic era.  

    Multiplexed Mutation Testing 
with SNaPshot 

 The SNaPshot method consists of multiplexed 
PCR and a single-base extension sequencing 
reaction in which allele-specifi c probes that are 
fl uorescently labeled with dideoxynucleotides 
(ddNTPs) interrogate genomic positions of 
 interest (Figs.  1.1  and  1.2 ). The variable-length 
extension primers on each probe then enable res-
olution by electrophoresis and an automated 
DNA sequencer. Once size-resolved, the probes’ 
molecular weight and color of the fl uorescently 

  Fig. 1.1    Schematic of SNaPshot technology. After isola-
tion of genomic DNA from tumor specimens, three basic 
steps are performed that together constitute the SNaPshot 
methodology. ( a ) Multiplexed PCR of genomic DNA. ( b ) 
Single- base extension in which allele-specifi c probes 
anneal with the target position. Each probe is fl uores-
cently labeled according to nucleotide, using chain-termi-
nating dideoxynucleotides. The four probes (for A, G, T, 
C) that target each position are barcoded using different 
length extension primers ( orange ) that allow for size reso-

lution in Step 3. ( c ) Capillary electrophoresis of probe-
target pairs reveals the relative nucleotide abundance at 
each target position based on probe size and the color and 
molecular weight of fl uorescently labeled ddNTPs. For 
example, a mutation (G>A) is depicted in the schematic at 
one target position. Note that the red peak (mutation) is 
slightly shifted to the right of the wild-type peak ( black ) 
due to differences in molecular weight between the two 
fl uorophores       
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labeled ddNTPs are used to identify the particu-
lar nucleotide(s) at each position. Overall, there 
are several obvious advantages of this relatively 
simple method to today’s molecular pathology 
laboratory: (a) the required expertise and infra-
structure are already present in most modern 
clinical laboratories, thus negating the need for 
investment in high-tech instrumentation, which 
can cost several hundreds of thousands of dollars; 
(b) the method is highly sensitive and (c) per-
forms well with nucleic acid extracted from 
FFPE tissue; (d) due to the multiplexing features 
of the SNaPshot technique, the tissue require-
ments as well as cost are low; and (e) the system 
is modular and is able to incorporate more molec-
ular predictors of response as they are identifi ed.

    In its current confi guration, the Stanford 
Molecular Pathology Laboratory’s genotyping 
platform “cancer somatic mutation panel” 
(CSMP) consists of a combination of SNaPshot, 
fragment sizing, and Sanger sequencing methods 
to query over 140 commonly mutated positions 
within 16 key cancer genes (Table  1.1 ). CSMP 
includes nine SNaPshot panels, each with six to 
eight multiplexed assays that target single- 
nucleotide changes. Because one limitation of 
SNaPshot technology is that it interrogates 
single- nucleotide changes and not larger genomic 
insertions/deletions, we have also added a sepa-
rate capillary electrophoresis fragment sizing 
assay for several common size length mutations 
within  EGFR  and  ERRB2 / HER2 . A second limi-

  Fig. 1.2    Examples of multiplexed SNaPshot panels. 
( a ) A positive control cell line with an  NRAS  c.182A>T 
(p.Q61L) mutation. The  gray boxes  above each peak 
demarcate regions where wild-type and mutant peaks are 
expected. Note the presence of low-level fl uorescent 
background in each panel, emphasizing the importance 
of including positive, negative, and no-template controls 

in each run. ( b ) A specimen from a patient with non-
small-cell lung cancer demonstrates a  TP53  c.524G>A 
(p.R175H) mutation. Fluorescent peak intensities may 
vary between targeted genomic regions, and so each 
laboratory must establish its own threshold criteria for 
accepting or rejecting these intensities, based on valida-
tion studies       
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tation of SNaPshot may occur when a target gene 
contains a high number of clinically relevant 
nucleotide changes that render the single-base 
extension targeting of SNaPshot impractical for 
routine cancer diagnostics. One such example is 
the RNA-splicing subunit  SF3B1  [ 7 ] that has 
multiple mutation “hot spots” within exon 15. We 

therefore developed a Sanger DNA sequencing 
assay that targets exon 15 and is performed as 
part of CSMP on all specimens.

   The Stanford CSMP initially consisted of 
genes targeted by FDA-approved therapies or by 
therapies in clinical trials. However, we have 
taken advantage of the platform’s fl exibility and 

   Table 1.1    The Stanford cancer somatic mutation panel (March 2013)   

 Gene  Known somatic mutations at each targeted location 

 APC   Exon 16 : c.3340C>T (p.R1114X), c.4012C>T (p.Q1338X), c.4348C>T (p.R1450X), c.4660-
4667insA (p.T1556fs) 

 BRAF   Exons 11, 15 : c.1406G>C (p.G469A), c.1798G>A (p.V600M), c.1799T>C (p.V600A), 
c.1799T>A (p.V600E), c.1799T>G (p.V600G) 

 CTNNB1   Exon 3 : c.95 A>C (p.D32A), c.95A>G (p.D32G), c.95 A>T (p.D32V), c.94G>T (p.D32Y), 
c.98C>G (p.S33C), c.98C>T (p.S33F), c.98C>A (p.S33Y), c.101G>A (p.G34E), c.101G>T 
(p.G34V), c.109T>G (p.S37A), c.109T>C (p.S37P), c.109T>A (p.S37T), c.110C>G (p.S37C), 
c.110C>T (p.S37F), c.110C>A (p.S37Y), c.121A>G (p.T41A), c.121A>C (p.T41P), c.121A>T 
(p.T41S), c.122C>T (p.T41I), c.122C>G (p.T41S), c.122C>A (p.T41N), c.133T>G (p.S45A), 
c.133T>C (p.S45P), c.133T>A (p.S45T), c.134C>G (p.S45C), c.134C>T (p.S45F), c.134C>A 
(p.S45Y) 

 DNMT3A   Exon 23 : c.2644C>T (p.R882C), c.2644C>A (p.R882S), c.2645G>A (p.R882H), c.2645G>C 
(p.R882P) 

 EGFR   Exons 18, 19, 20, 21 : c.2155G>T (p.G719C), c.2155G>A (p.G719S), c.2156G>C (p.G719A), 
c.2369C>T (p.T790M), c.2573T>A (p.L858Q), c.2573T>G (p.L858R), c.2582T>A (p.L861Q); 
 fragment sizing  for exon 19 deletions and exon 20 insertions 

 ERBB2/HER2   Fragment sizing  for exon 20 insertions 
 IDH1   Exon 4 : c.394C>T (p.R132C), c.394C>A (p.R132S), c.394C>G (p.R132G), c.395G>A 

(p.R132H), c.395G>T (p.R132L), c.395G>C (p.R132P) 
 IDH2   Exon 4 : c.419G>A (p.R140Q), c.419G>T (p.R140L), c.514A>G (p.R172G), c.515G>T 

(p.R172M), c.515G>A (p.R172K), c.515G>A (p.R172K) 
 KRAS   Exon 2 : c.34G>C (p.G12R), c.34G>A (p.G12S), c.34G>T (p.G12C), c.35G>C (p.G12A), 

c.35G>A (p.G12D), c.35G>T (p.G12V), c.37G>C (p.G13A), c.37G>A (p.G13S), c.37G>T 
(p.G13C), c.38G>C (p.G13A), c.38G>A (p.G13D), c.38G>T (p.G13V) 

 MYD88   Exon 5 : c.794T>C (p.L265P) 
 NOTCH1   Exon 26 : c.4724T>C (p.L1575P), c.4802T>C (p.L1601P) 
 NRAS   Exon 2 : c.34G>T (p.G12C), c.34G>A (p.G12S), c.34G>C (p.G12R), c.35G>T (p.G12C), 

c.35G>A (p.G12D), c.35G>C (p.G12A), c.37G>T (p.G13C), c.37G>C (p.G13R), c.37G>A 
(p.G13S), c.38G>T (p.G13V), c.38G>C (p.G13A), c.38G>A (p.G13D), c.181C>A (p.Q61K), 
c.181C>G (p.Q61E), c.183 A>T (p.Q61H), c.183A>G (p.Q61Q), c.183A>C (p.Q61H), 

 PIK3CA   Exons 10, 21 : c.263G>A (p.R88Q), c.1624G>A (p.E542K), c.1624G>C (p.E542Q), c.1633G>A 
(p.E545K), c.1633G>C (p.E545Q), c.1636C>G (p.Q546E), c.1636C>A (p.Q546K), c.1637A>T 
(p.Q546L), c.1637A>C (p.Q546P), c.1637A>G (p.Q546R), c.3139C>T (p.H1047Y), c.3140A>T 
(p.H1047L), c.3140A>G (p.H1047R), c.3145G>C (p.G1049R), c.3145G>A (p.G1049S) 

 PTEN   Exons 5, 6, 7 : c.388C>T (p.R130X), c.388C>G (p.R130G), c.388C>A (p.R130R), c.517C>T 
(p.R173C), c.697C>T (p.R233X), c.697C>A (p.R233R), c.799delA (p.K267fs*9), c.800delA 
(p.K267fs*9) 

 TP53   Exons 7, 8 : c.524G>A (p.R175H), c.524G>T (p.R175L), c.733G>T (p.G245C), c.733G>C 
(p.G245R), c.733G>A (p.G245S), c.742C>G (p.R248G), c.742C>T (p.R248W), c.743G>T 
(p.R248L), c.743G>C (p.R248P), c.743G>A (p.R248Q), c.817C>T (p.R273C), c.818G>A 
(p.R273H), c.818G>T (p.R273L), c.916C>T (p.R306X) 

 SF3B1   Sanger sequencing  of exon 15 for the following targets: c.1866G>C (p.E622D), c.1873C>T 
(p.R625C), c.1874G>T (p.R625L), c.1986C>G (p.H662Q), c.1996A>C (p.K666Q), c.1997A>C 
(p.K666T), c.1997A>G (p.K666R), c.1998G>T (p.K666N);  SNaPshot  for c.2098A>G (p.K700E) 
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have been able to add new gene mutations to our 
panels, when clinically warranted, within months 
of reports in the medical literature. One such 
example is the  MYD88  gene [ 8 ]. Importantly, 
although the mutations included in our CSMP 
test can be used to guide clinical decision mak-
ing, the complete clinical implications of the 
mutations are still evolving. Thus, engaging with 
treating oncologists to discuss the many targets 
within a cancer genotyping assay and their clini-
cal importance is an ongoing and required 
responsibility for the laboratory. 

 Although biomarker discovery and clinical 
molecular assay development will continue to 
advance the customization of cancer treatments, 
the pace of acceptance of molecular information 
has not been consistent across medical subspe-
cialties. In our experience with CSMP testing, it 
has become clear that some clinical services 
(e.g., thoracic oncology, hematology/oncology) 
have been rapid adopters of high-content testing. 
Other services are incorporating such testing 
much more slowly, and from conversations with 
these physicians, we have found hesitancy related 
to the more complex interpretation and the imme-
diate added value of large panels of mutations. 
Whereas it can easily be appreciated that high- 
content testing presents a shift in the traditional 
paradigm of “one disease, one marker,” the com-
ing wave of clinical NGS will bring with it even 
more challenges in the interpretation of complex 
molecular data. Familiarizing clinicians and clin-
ical laboratories with a high-content but targeted 
genotyping approach such as CSMP will 
undoubtedly diminish some of these challenges 
and will help pave the way to an understanding of 
a new, genome-based reality.  

    Selecting Clinically Actionable 
Molecular Targets 

 Staying informed of the most recent develop-
ments in the fast-paced fi eld of cancer biomarker 
discovery is a constant challenge for the clinical 
molecular laboratory. This chapter is not intended 
as a comprehensive review of biomarkers of can-
cer, which can be found elsewhere [ 4 – 6 ,  9 ]. 

However, the importance of understanding and 
selecting actionable molecular targets for clinical 
tumor genotyping is critical for maximizing their 
usefulness to treating physicians, and therefore 
knowledge of the cancer mutation fi eld is essen-
tial. One of the most frequent questions regarding 
clinical genotyping assays is “which targets 
should be tested?”. In practical terms, assaying 
for the most mutations possible is not always the 
best option because the resulting data complexity 
would likely be overwhelming. However, despite 
the diffi culties in analyzing such high-dimension 
data, a comprehensive genotyping assay should, 
in theory, provide more information for each 
patient’s tumor and therefore be more effective in 
guiding targeted treatments. A strategic balance 
must be made between offering as many cancer 
mutations as possible and acknowledging the 
limits of the technical and fi nancial resources of 
the clinical laboratory to generate and interpret 
the resulting data. Finding the right balance is, of 
course, not necessarily straightforward. 

 Cancer mutations, sometimes referred to as 
biomarkers, are extremely diverse and may be 
prognostic, predictive, pharmacodynamic, or diag-
nostic [ 6 ]. Prognostic biomarkers provide infor-
mation about overall cancer outcome, regardless 
of therapy, whereas predictive biomarkers give 
information about the potential effect of a thera-
peutic intervention. Pharmacodynamic biomark-
ers indicate the outcome of the interaction between 
a drug and a target, and diagnostic biomarkers are 
used to establish the presence of a specifi c dis-
ease [ 6 ]. Specifi c examples of mutations include 
single- base changes, deletions and amplifi cations, 
alternative splicing mutations, and translocations. 
Cumulatively, these molecular aberrations can be 
highly abundant in cancer cells [ 10 ,  11 ], although 
most are merely “passengers” that are a conse-
quence of the high mutation rate in cancer [ 12 ]. 
A small subset is the molecular “drivers” that con-
trol cancer development and progression and may 
therefore have important therapeutic implications 
[ 4 ]. Differentiating driver from passenger muta-
tions is a major challenge, made more diffi cult by 
the selective pressures of therapy that can lead to 
intra-tumor, inter-tumor, and between  person 
clonal subpopulations [ 4 ,  13 ]. Clearly, the discovery 
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and validation of clinically actionable biomark-
ers that consistently occur in a large proportion 
of cancers requires signifi cant effort and 
expertise. 

 Whereas there is enormous diversity in the 
mutations and variants associated with cancer, 
which can make the clinical interpretation 
exceedingly diffi cult, in some cases the mutation 
is readily apparent from the data and clinical 
assays can be quickly developed. For example, a 
recent study applied whole-genome sequencing 
to patients with Waldenström’s macroglobulin-
emia, an incurable lymphoplasmacytic lym-
phoma, and discovered a novel mutation, 
c.794T>C (p.L265P), in exon 5 of the  MYD88  
gene [ 8 ]. Because of its immediate clinical appli-
cability as a diagnostic biomarker, a SNaPshot 
assay for  MYD88  could be incorporated into 
CSMP within 6 months of publication of the 
original study. Similarly, a second study per-
formed exome sequencing of patients with 
myelodysplastic syndrome (MDS), a precancer-
ous lesion of blood forming cells, and identifi ed a 
variety of mutations in  SF3B1  in 65 % of patients 
with a subtype of MDS, refractory anemia with 
ring sideroblasts (MDS-RARS) [ 7 ]. Soon after, 
Sanger sequencing of exon 15—the region where 
the majority of mutations occur—could be 
offered as part of CSMP. These experiences illus-
trate the overall fl exibility of this approach to 
cancer genotyping, as well as the need to stay 
abreast of the latest discoveries in the cancer 
 biomarker fi eld. 

 In terms of predictive biomarkers, the clinical 
benefi t observed with some targeted drugs is 
promising, but the ability to screen cancer 
patients in a cost-effective manner for clinically 
actionable targets remains challenging. For 
example, some kinase domain mutations in 
 EGFR  are associated with sensitivity to the tyro-
sine kinase inhibitors (TKI) gefi tinib and erlo-
tinib in non-small-cell lung cancer (NSCLC) 
[ 2 ,  14 ]. However, because only a small number 
of NSCLC tumors will have  EGFR  mutations, 
genotyping assays that are expensive and/or 
time-consuming are highly impractical for rou-
tine laboratory testing. Other examples include 
mutations in  BRAF  and  KRAS  in colorectal 

 cancer [ 2 ,  4 ,  6 ,  15 ] that predict resistance to 
 panitumumab and cetuximab and  KRAS  muta-
tions that predict resistance to gefi tinib and erlo-
tinib in lung cancer [ 16 ]. In general, the advantage 
of utilizing high-content but low-cost tumor- 
genotyping assays such as SNaPshot that allow 
for selection of appropriate targeted therapies is 
underscored by the current enormous healthcare 
expenditure on cancer drugs. Inexpensive geno-
typing assays that lead to targeted therapies will 
reduce unnecessary treatments and associated 
costs, while also reducing patient morbidity due 
to the well-known toxic effects of standard 
chemotherapies.  

    Comprehensive- Versus Disease- 
Focused Tumor Genotyping 

 Deregulation of common signaling pathways is 
one of the major underlying causes driving 
human carcinogenesis. However, there is an 
ongoing debate in clinical molecular cancer 
testing regarding the need for large, compre-
hensive panels of gene mutations that are 
agnostic to the specifi c disease and/or tissue of 
origin of the tumor, in contrast to more targeted 
mutation panels that take into account the type 
of cancer. For example, should acute myeloge-
nous leukemia (AML) and lung cancer be sub-
jected to the same tumor-genotyping panel even 
if  DNMT3A  mutations are rarely detected in 
lung cancer and  EGFR  mutations in AML? 
Would it be more effective to offer targeted 
panels for lung cancer, for AML, for gastroin-
testinal tumors, etc.? With disease- or organ-
specifi c mutation panels, some argue that those 
rare tumors that harbor unusual mutations and 
that might benefi t from different classes of 
drugs will be missed. In contrast, others argue 
that it can be impractical and even wasteful to 
spend time and resources testing for mutations 
that are highly unusual in a particular cancer 
type. For the benefi t of patient care, the right 
choice is not always “the more, the better,” 
especially given that larger assays might 
increase turnaround time due to increased tech-
nical and analytical complexity. 
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 As oncology and molecular diagnostics grad-
ually continue to integrate, many physicians will 
undoubtedly prefer a more traditional approach 
to cancer treatment that focuses on well- 
characterized genetic hallmarks of cancer that 
have been verifi ed in clinical trials. The disad-
vantage of this approach to cancer genotyping is 
that if we think of cancer as fundamentally a 
genetic disease, then cancer histology and tissue 
of origin should be de-emphasized as more drugs 
are developed that target specifi c genetic muta-
tions, and smaller genotyping panels will thus 
lead to fewer opportunities for novel therapies. 
This discussion will only increase as NGS tech-
nologies are incorporated into tumor genotyping. 
In the future, it may be the case that genome 
sequencing will be performed on every speci-
men, but only data for genomic regions of inter-
est will be released, while other regions are 
“masked” from the molecular pathologist and 
oncologist. This scenario, while perhaps prefera-
ble because of its reduction of complexity, does 
not take advantage of the power of NGS testing, 
especially if we expect that NGS should usher in 
an era of agnostic, unbiased analysis of the can-
cer genome. Regardless, this debate will continue 
in earnest as our knowledge, as well as the infor-
mation content and throughput of mutation test-
ing, increase.  

    Specimen Considerations 

 In addition to the challenges in selecting clini-
cally actionable molecular targets, processing of 
the tissue samples themselves requires signifi cant 
optimization and validation. Many specimens are 
derived from core biopsies that have relatively 
little material; nucleic acid is often fragmented or 
degraded due to the cross-linking caused by for-
malin fi xation required for histology; and sam-
ples may be predominantly normal tissue with 
very little cancerous tissue, resulting in dilution 
of the mutant alleles of interest [ 2 ]. For heteroge-
neous specimens, FFPE does allow for assess-
ment of tumor cellularity and demarcation of 
regions for macrodissection, though this is not 
always practical given limited time and resources. 

Compounding these diffi culties is the necessity 
for maintaining reasonable turnaround times that 
ensure maximum impact on patient care. 

 In general, the quality and quantity of tumor 
DNA are the critical criteria for performing a suc-
cessful tumor-genotyping assay, and these crite-
ria are ultimately dependent on the quality of the 
tissue specimen sent to the laboratory. Although 
the sensitivity of the assay for each mutation 
depends on the quality of the material and 
involvement of the block by tumor, our clinical 
laboratory’s experience has found that specimens 
with >10 % cellularity are required for CSMP. 
Assays such as NGS with increased genomic 
coverage compared to targeted assays will obvi-
ously require greater quantities of tumor DNA. 
In the future, successful application of higher 
 content NGS assays will thus require methods 
that enable genotyping from very small quanti-
ties of DNA. 

 There is an ongoing debate over the advan-
tages of genotyping tissue from the primary 
tumor or metastatic lesion in advanced cancer 
patients [ 4 ]. Due to cancer’s genomic instability 
and potential acquisition of new mutations that 
may arise during metastasis, as well as treatments 
that can select for drug-resistant clonal subpopu-
lations [ 17 ,  18 ], genotyping a single biopsy from 
a patient may be inadequate for capturing the true 
genomic diversity of an evolving cancer. In fact, 
acquired mutations in different tumor sites may 
differ within the same patient [ 19 ] and even 
within the same tumor [ 13 ]. Some studies of 
 KRAS  mutations in colorectal cancer suggest that 
the differences are only marginal and the muta-
tions are similar, if not identical, between pri-
mary and metastatic lesions [ 20 ,  21 ], while others 
have found discordant  PIK3CA  mutations 
between breast cancer primary and metastatic 
sites [ 22 ]. In many circumstances, the decision to 
choose a primary or metastatic biopsy for geno-
typing is often infl uenced by cost, convenience, 
and hospital practices rather than by evidence- 
based data [ 4 ]. Further studies are needed to 
determine whether mutation differences between 
primary and metastatic lesions will lead to differ-
ent clinical treatment decisions and thus different 
patient outcomes.  
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    Limitations of SNaPshot and CSMP 

 SNaPshot is limited by the number of reactions 
that can be multiplexed, which is ideally below 
ten per reaction [ 2 ]. The number of assays that 
can be performed on small biopsies is also lim-
ited. Furthermore, SNaPshot’s single-base exten-
sion methodology allows testing only for point 
mutations in a few hot spots per reaction. To 
expand the repertoire of mutation targets and 
achieve a more comprehensive view of the cancer 
genome, clinical genotyping assays are greatly 
improved when other methods are incorporated 
that complement SNaPshot, for example, Sanger 
sequencing and fragment sizing by capillary elec-
trophoresis. A relatively comprehensive molecu-
lar approach such as Stanford’s CSMP can then 
be interpreted by oncologists in conjunction with 
conventional cytogenetic assays for alterations in 
gene copy number, as well as karyotyping and 
detection of large chromosomal rearrangements. 

 Clinical laboratories should also consider the 
overall size of their tumor genomic profi ling 
assay, as the resulting complexity may pose chal-
lenges to the laboratory’s personnel and resources. 
When introducing new mutation panels into can-
cer genotyping assays, it is important to realize 
that this added complexity may also lead to 
increased turnaround time and a greater possibil-
ity of repeat testing of select markers in order to 
achieve optimal results. Thus, added complexity 
does not necessarily translate into improved 
patient care. The number of molecular targets 
included in the assay, therefore, is limited by the 
ability of the laboratory to ensure precise, accu-
rate results with good turnaround time for each 
assay run. Depending on laboratory resources and 
personnel, the typical maximum number of tar-
gets is on the order of hundreds. As mentioned 
earlier, the sensitivity of the assay is also depen-
dent on the quality of the material and involve-
ment of the block by tumor, and so the chances of 
a successful assay are easily compromised by 
samples of suboptimal quality. Communication 
with surgical pathologists is critical to ensure that 
high-quality blocks with high tumor percentage 
are sent for cancer genotyping. 

 With high-content assays also comes the 
potential for confusion and misunderstanding 
when reporting results to treating physicians. 
Therefore, reports must refl ect the current state of 
knowledge, be as clear as possible, and emphasize 
that the molecular diagnostic test results should 
be interpreted in the context of histopathological 
and clinical fi ndings. False negative results may 
be due to sampling error, sample handling, or 
clonal density below the level of detection with 
reagents and techniques used. Genotyping errors 
can also result, for example, from deletions or rare 
genetic variants that interfere with analysis, 
including polymorphisms in primer binding sites 
that prevent allele amplifi cation. In such cases, 
alternative approaches may be helpful to investi-
gate the underlying cause. In general, high- 
content testing requires excellent communication. 
Every attempt should be made to educate medical 
personnel and patients about the clinical implica-
tions of reported mutations, particularly with 
regard to prognostic or predictive biomarkers that 
are identifi ed in a tumor. Up-to-date knowledge of 
the medical literature is central to effectively 
transmitting this knowledge among clinical 
pathologists, oncologists, and patients.  

    Conclusion 

 Targeted cancer therapy is revolutionizing clin-
ical oncology by driving efforts to integrate 
tumor molecular analysis with clinical decision 
making. The continuing discovery of salient 
molecular biomarkers, as well as their use in 
the design of targeted therapies, is shifting 
oncology from  tissue- and disease-based treat-
ments to molecular target-based protocols. 
With the inclusion of clinical molecular diag-
nostics into standard cancer care, precision 
medicine is expected to progress rapidly as can-
cer biomarkers guide both therapy and monitor-
ing of disease progression towards a future of 
individualized and customized therapies. 
Additionally, drugs that target specifi c muta-
tions will potentially result in fewer side effects 
and will also be more effi cacious against cancers 
in which conventional chemotherapy has failed. 
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The availability of ever-increasing molecular 
data sets will no doubt hasten all of these sig-
nifi cant advancements. 

 With this revolution in genomic technolo-
gies, the age of precision medicine has not only 
defi ned how oncology is evolving today but also 
portends how it will be practiced in the future. 
These incredible advancements will greatly 
impact many established disciplines, bringing 
with them signifi cant new challenges. For exam-
ple, most institutions are not yet prepared for 
the associated infrastructure requirements, 
which include expansion in patient-informed 
consent and substantial laboratory information 
database hardware and software [ 5 ]. Educating 
physicians regarding the appropriate interpreta-
tion of this information is important and prac-
tice guidelines for its use must be established as 
well. Lastly, reimbursement for genomic diag-
nostics will continue to be a source of much dis-
cussion. Confronting these diverse challenges 
will require the careful organization of clini-
cians across multiple disciplines, laboratories, 
genetic counselors, bioethicists, information 
technology and informatics specialists, basic 
and translational researchers, health policy 
experts, and patient advocacy groups [ 5 ]. 

 Although not without their own challenges, 
multiplexed platforms such as CSMP can serve 
as invaluable bridges between conventional can-
cer genotyping and the coming genomic era. The 
spectrum of mutations detected with the Stanford 
CSMP confi guration are all potentially clinically 
actionable, typically involving signal pathway- 
activating mutations which have targeted thera-
pies available or are under clinical investigation. 
Furthermore, due to its inherent modular design, 
CSMP (within limits) allows for rapid and effi -
cient adoption of new targets as they are discov-
ered. This is important because the list of 
actionable mutations continues to grow. Lastly, 
relatively straightforward high-content cancer 
genotyping platforms such as CSMP are giving 
oncologists and pathologists a glimpse of what 
precision cancer care will look like in the near 
future. In many respects, CSMP is a dry run for 
comprehensive testing by NGS, allowing clinical 
laboratories time to adapt to the increasing ana-

lytic complexity and logistical challenges that are 
the defi ning characteristic of clinical NGS. 

 With this explosion in oncologic molecular 
data, the understanding of oncogenesis is becom-
ing increasingly complex and it is critical that 
pathologists and oncologists stay abreast of the 
latest discoveries. Overall, these data have 
revealed that specifi c mutations are often 
observed across a range of cancers, albeit at dif-
ferent frequencies. It is therefore not unreason-
able to ask whether cancer treatment itself will be 
transformed in the genomic era. One obvious 
question is whether tumors that have different 
histologies and/or tissues of origin, and which 
would traditionally be treated differently based 
on these parameters, should instead be treated the 
same if they carry identical genetic profi les. More 
specifi cally, if vemurafenib is effective in treating 
 BRAF  p.V600E positive melanoma, then would it 
be unreasonable to assume it might also be effec-
tive in  BRAF  p.V600E positive ovarian cancer 
[ 23 ]? Recent evidence appears to refute, at least 
in part, this hypothesis that a specifi c mutation is 
generalizable across cancers. For example, 
trastuzumab, which is effective in patients with 
 HER2 -positive breast and gastric cancer, is less 
effective in those with  HER2 -positive ovarian or 
endometrial cancer [ 24 ,  25 ]. However, if the sen-
sitivity of a specifi c mutation to a targeted drug is 
even slightly similar across different cancers, 
then interrogating the cancer genome for all 
actionable mutations  regardless  of traditional 
taxonomy would be an ideal method to help 
guide treatment decisions. 

 Although there currently exist numerous 
examples of the successful integration of cancer 
genetic information with clinical oncologic treat-
ments, particularly as high-content mutation 
panel testing such as SNaPshot gains in popular-
ity, the future is likely to be less straightforward 
as NGS is implemented. Regardless of the chal-
lenges, genetic profi ling strategies will be essen-
tial to dissecting the intricate connections 
between genotype and phenotype and will play 
an increasingly important role in cancer manage-
ment decisions. While the basic and translational 
research contributions rapidly add to the medical 
knowledge base, application of CSMP and other 
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high-content genotyping platforms will better 
prepare healthcare providers for the new genomic 
era, in which genomic testing of cancers becomes 
routine medical care.     
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           Introduction 

 Chromosomes were fi rst identifi ed in the mid- 
nineteenth century, but it took almost 75 years to 
count them accurately—it was not until 1956 that 
Tjio and Levan [ 1 ] reported their seminal obser-
vation that the human chromosome number was 
46, not 48, as previously believed; Ford and 
Hamerton confi rmed this fi nding later that year [ 2 ]. 
This serendipitous discovery (due to a laboratory 
error, hypotonic rather than isotonic solution was 
used during cell harvesting, which improved 
chromosome spreading) laid the foundation for 
further advances in cytogenetics (for reviews of 
the history of cytogenetics, see [ 3 – 7 ]). Continued 
improvements in cell culture and harvesting tech-
niques permitted the identifi cation of numerical 
abnormalities (e.g., Turner and Klinefelter syn-
dromes and trisomies 13, 18, and 21) and major 
structural chromosomal abnormalities. Despite 
being able to identify chromosomes at that time 
only by size and centromere position, Peter 
Nowell and David Hungerford in 1960 noted that 
patients with chronic myelogenous leukemia 
(CML) had a small acrocentric chromosome that 
appeared deleted; this abnormal chromosome 
became known as the Philadelphia chromosome 

after the city of its discovery [ 8 ,  9 ]. With the 
advent of banding techniques, however, Janet 
Rowley was able to recognize that the Philadelphia 
chromosome arose not from a deletion but rather 
from a reciprocal translocation between the long 
arms of a chromosome 9 and a chromosome 22 
[ 10 ]. Later advances in molecular techniques 
enabled researchers to discover that the 9;22 
translocation fused the  ABL1  gene in 9q34 to the 
 BCR  gene in 22q11.2 [ 11 – 14 ]. 

 Such gene discoveries led to the next major 
advance in cytogenetic technology: molecular 
cytogenetics, specifi cally fl uorescence in situ 
hybridization (FISH). Whereas conventional 
G-banded chromosomal analysis allows the 
entire genome to be analyzed, FISH evaluates 
specifi c genes and thus is a technique of much 
greater resolution and sensitivity. Although chro-
mosomal banding and FISH may have been over-
shadowed in recent years by the tremendous 
advances made by highly complex technologies 
such as array-based comparative genomic hybrid-
ization and next-generation sequencing, still, the 
clinical utility of these two reliable techniques is 
undeniable. Not only is the demonstration by 
G-banding or FISH of specifi c chromosomal 
abnormalities and gene rearrangements a neces-
sary component in the diagnosis of numerous 
malignancies, this information can often be 
obtained in less than 24 h and even, in some 
cases, the same day. 

 Since the discovery of the Philadelphia chro-
mosome ushered in the era of genomic medicine, 
there has been extremely rapid growth in the 
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understanding of the genetic basis of neoplasia—
there are now almost 63,000 cases of chromo-
some abnormalities and over 1,500 gene fusions 
that have been reported in cancer [ 15 ]. Further 
advances in technology, and in the bioinformatics 
needed to analyze the massive amounts of data 
these technologies yield, will no doubt transform 
the fi eld of cytogenomics as profoundly as did 
the discovery of the number of human 
chromosomes.  

    Conventional Cytogenetics 

 Conventional cytogenetic analysis is performed 
on metaphase (dividing) cells and provides infor-
mation about the entire chromosome comple-
ment. A variety of tissue types can be cultured to 
yield metaphase cells for analysis, including 
peripheral blood, chorionic villi, amniotic fl uid, 
bone marrow, lymph nodes, and solid tumors. 
Analyses of peripheral blood, chorionic villi, and 
amniotic fl uid are typically performed to identify 
and characterize constitutional abnormalities 
(i.e., those present at birth and, barring mosa-
icism, found in every cell). These specimen types 
involve somewhat different culture conditions 
than do those for neoplastic conditions and thus 
lie outside the scope of this chapter. At a basic 
level, however, culture procedures have the same 
goal, namely, optimizing the conditions of cell 
culture media, temperature, pH, and sterility to 
stimulate cells to proceed through the cell cycle 
to mitosis (various culture protocols are described 
in [ 3 ,  16 – 18 ]). Cells from the submitted speci-
mens are fi rst isolated, either through centrifuga-
tion (for liquid specimens) or disaggregation (for 
solid tissue specimens), and then placed in tissue 
culture media. Culture conditions are typically 
optimized in each laboratory for particular speci-
men types and include the type of culture (sus-
pension vs. in situ), variations on the length of 
time in culture, additives such as mitogens, and 
exposure time to a spindle fi ber poison such as 
colcemid. The cultured cells are then harvested 
after exposure to a hypotonic solution and placed 
in fi xative, typically a 3:1 methanol to acetic acid 
mixture (Carnoy’s fi xative). The resulting cell 

suspension is “dropped” via pipette onto glass 
slides, an often idiosyncratic process driven by 
ambient conditions (e.g., temperature and humid-
ity) and specimen cellularity as well as technolo-
gist experience. 

 As noted above, different studies (constitu-
tional or neoplastic) and different tissues require 
culture modifi cations to increase the likelihood of 
obtaining metaphases from the cells of interest. 
This is critical in cancer studies because, unlike 
constitutional abnormalities that are present in 
every cell of the body, chromosome aberrations 
associated with malignancies are present only in 
the involved tissue or even, in the case of leuke-
mias, only one particular cell line. Thus, in neo-
plasms of mature cells (e.g., mature B cells and 
plasma cells), the malignant cells may not be 
actively dividing and may require the addition of a 
mitogen to stimulate those cells to enter the cell 
cycle. Studies have shown that the addition of 
CpG motif-containing oligonucleotides such as 
DSP30 together with interleukin-2 increases the 
yield of chromosomal aberrations in mature B-cell 
neoplasms by G-banding analysis [ 19 ,  20 ]. After 
the slides have been dropped and aged by heating 
them in an oven for several hours, they are treated 
with a proteolytic enzyme such as trypsin or pan-
creatin and stained with a Giemsa/buffer solution, 
resulting in the series of alternating light and dark 
bands (G-bands) characteristic of each of the 22 
pairs of autosomes and two sex chromosomes. 

 The cytogenetic technologist then analyzes 
(by comparing the two homologues of a chromo-
some pair band-for-band along their entire 
lengths) at least 20 metaphase cells, taking care 
not to skip cells with poor chromosome morphol-
ogy, because these may be the malignant cells. 
G-banding enables detection of both numerical 
(gain or loss of a chromosome) and structural 
(e.g., translocation, deletion, inversion, etc.) 
abnormalities throughout the entire genome. 
These cells are photographed with a digital cam-
era affi xed to the microscope, and the technolo-
gist interacts with the resulting images via 
specialized image analysis software. At least two 
karyograms, images in which the chromosome 
pairs have been aligned and placed in order, 
are prepared. G-banding analysis at diagnosis 
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provides critical information about the types of 
abnormalities present, and whether or not they 
can be evaluated by FISH (see below); follow-up 
studies are compared with the diagnostic study to 
document therapeutic response. Periodic moni-
toring can detect cytogenetic evolution, which 
may even precede morphologic evidence of dis-
ease progression. 

 Even in the early days of cytogenetics, it was 
recognized that a uniform nomenclature was 
needed to describe and communicate fi ndings 
accurately. In 1960, a group of cytogeneticists 
collaborated on a project to develop a system by 
which even complex numerical and/or structural 
abnormalities could be succinctly described. The 
resulting book would eventually come to be 
known as the International System for Human 
Cytogenetic Nomenclature (ISCN). Since its ini-
tial publication, the ISCN has been updated and 
revised several times (most recently in 2013) [ 21 ] 
to keep pace with the fi ndings resulting from 
FISH and genomic microarray testing. The ISCN 
provides diagrammatic representations (ideo-
grams) of each chromosome and its banding pat-
tern at various levels of resolution; these 
ideograms permit cytogeneticists to identify 
breakpoints, the bands involved in structural rear-
rangements. The ISCN can be considered both a 
dictionary and a grammar book: the former, 
because it describes the abbreviations used for 
the various types of chromosomal abnormalities 
and defi nes basic concepts such as clones, and 
the latter, because it provides the rules for orga-
nizing nomenclature strings to describe the chro-
mosomal complement. Below is an example of a 
nomenclature string that might be found in a case 
of CML (see also Fig.  2.1 ):

    

Clone 2 (sideline [sdl] 
1):  In addition to the 
t(9;22) found in Clone 
1(stemline), 25% of 
metaphases have gain
of one extra copy each
of chromosomes 8
and 19 

Clone 3 (sideline [sdl] 2): In 
addition to the  abnormalities
found in Clone 2 (sideline 1), 
10% of metaphases have an 
isochromosome for the long 
arm of a chromosome 17 
and gain of a second 
Philadelphia chromosome

Clone 1 (stemline, sl):  
15% of metaphases 
have a male karyotype 
with a reciprocal 9;22 
translocation with 
breakpoints at 9q34  
and 22q11.2

This specimen 
shows chimerism for 
recipient (XY) and 
donor (XX) cells; 
50% of metaphases 
are karyotypically 
normal female 
donor cells (listed 
after "//")

46,XY,t(9;22)(q34;q11.2)[3/20]/48,sl,+8,+19[5/20]/49,sdl1,i(17)(q10),+der(22)t(9;22)[2/20]//46,XX[10/20]   

    Because G-banding analysis can be performed 
on such a wide range of specimen types, it has 
been the principal means by which numerical and 
structural abnormalities have been identifi ed in 
numerous neoplastic conditions. Because it pro-
vides a whole-genome view of these conditions, 
genome complexity can also be identifi ed and 
investigated, which might otherwise be missed 
by more targeted approaches such as FISH. As 
will be described in a subsequent chapter, other 
whole-genome approaches such as array-based 
comparative genomic hybridization are now 
being commonly used, particularly in the evalua-
tion of constitutional abnormalities and also in 
neoplastic conditions. Still, G-banding analysis 
has proved its utility since the discovery of the 
Philadelphia chromosome and for the foreseeable 
future will retain its important role in the diagno-
sis and treatment of malignant disorders.  

    Molecular Cytogenetics 

 As exemplifi ed by the advances in the diagnosis 
and treatment of CML, conventional G-banding 
analyses often provide the initial clues as to 
which genes are involved in malignancies. Even 
if well-documented translocations are identifi ed 
by G-banding, however, resolution is insuffi cient 
(each band can have 5–10 Mb of DNA) to deter-
mine if the characteristic gene rearrangement is 
present. Fluorescently labeled probes, typically 
several hundred Kb long and complementary to 
known genomic sequences, can be used to 
 enumerate specifi c loci and to identify various 
structural rearrangements such as translocations 
and inversions. Such probes can also detect 
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abnormalities that are cryptic (i.e., undetectable 
by G-banding) due either to the lower resolution 
of G-banding or to the exchange of regions with 
similar banding characteristics. Although FISH 
can be performed on metaphase cells, in cancer 
cases it is most frequently performed on inter-
phase (nondividing) cells, allowing a large num-
ber of cells to be examined quickly, resulting in 
greater sensitivity and a more rapid turnaround 
time than G-banding analysis. Interphase cells 
are often obtained after culturing specimens for 
concomitant G-banding analysis, but as FISH 
does not require dividing cells, it can also be per-
formed on a variety of other substrates, includ-
ing smears prepared from peripheral blood or 
bone marrow; touch imprints; cytologic prepara-
tions; formalin-fi xed, paraffi n-embedded (FFPE) 
tissues; or enriched cell populations (e.g., after 
processing by fl ow cytometry or magnetic bead 
separation based on surface antigens). The benefi ts 
and limitations of each are outlined in Table  2.1 . 

Probes to clinically relevant genes are readily 
available from commercial vendors and can also 
be developed in-house. With the exception of 
some probes that have been approved by the US 
Food and Drug Administration (FDA), most are 
sold as analyte-specifi c reagents, which require 
laboratory validation and verifi cation of test per-
formance before clinical use; guidelines for vali-
dation procedures have been published [ 22 – 24 ].

   Procedures for setting up FISH are less time- 
and labor-intensive than those for G-banding 
analyses and, with some modifi cations depend-
ing on the type of substrate (suspension, smears, 
touch imprints, FFPE tissues), are essentially the 
same for all tissue types [ 16 ,  18 ,  25 – 27 ]. Briefl y, 
an aliquot of the appropriate probe/buffer mix-
ture is placed on a glass slide that has been etched 
to delimit an area with an appropriate concentra-
tion of nuclei. Cell concentration is important in 
that only nonoverlapping nuclei should be evalu-
ated; thus, when making touch imprints, a gentle 

1 2 3 4 5

6 7 8 9 10 11 12

181716151413

19 20 21

49,XY,+8,t(9;22)(q34;q11.2),i(17)(q10),+19,+der(22)t(9;22)

22 X Y

  Fig. 2.1    Karyogram of a cell from a patient with chronic 
myelogenous leukemia. In addition to the t(9;22) result-
ing in the formation of the Philadelphia chromosome (the 
derivative chromosome 22), there are gains of one extra 
copy each of chromosomes 8 and 19, an isochromosome 

composed of the long arms of a chromosome 17 joined in 
mirror image at the centromere (resulting in net loss of 
17p and net gain of 17q), and gain of an extra copy of the 
Philadelphia chromosome       
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touch typically yields better results. A coverslip 
is placed over the probe and its edges sealed with 
rubber cement. Both the probe and the specimen 
DNA are heat denatured, typically using an auto-
mated instrument analogous to a thermocycler. 
After denaturation (2–5 min depending on the 
specimen type), the instrument cools to 37 °C, 
where the slide remains for approximately 6–14 
h; this hybridization process permits binding of 
the probe to the target sequence. After a wash 
step to remove residual probe and the addition of 
a nuclear counterstain such as 4′,6-diamidino- 2-
phenylindole (DAPI), the cells can be evaluated 
under a fl uorescence microscope. Interphase 
cells are evaluated according to criteria validated 
by each laboratory and according to manufactur-
er’s recommendations and published criteria [ 22 , 
 23 ]. It is important to have defi ned normal con-
trol ranges (cutoff values) to avoid false-positive 
results; laboratories also should have established 
criteria for how many cells are evaluated at diag-
nosis and for monitoring to rule out residual dis-
ease. Among the criteria evaluated when scoring 
are the sizes, intensity, and relative positions of 

the signals as well as their number. Scoring at 
least some of the cells on single-pass fi lters 
(which allow only one color to be visualized and 
thus yield brighter signals) permits the detection 
of very small signals that may, in situations such 
as gene insertions, overlap but be masked by the 
signal of the partner gene. Unusual or unexpected 
patterns must also be evaluated (e.g., gain instead 
of rearrangement of a locus). 

 Several of the commonly used probe types are 
described below (see Fig.  2.2 ). As for conven-
tional cytogenetics, ISCN designations allow the 
signal patterns identifi ed to be conveyed suc-
cinctly. Examples of ISCN nomenclature for 
these FISH fi ndings are provided in the legends 
accompanying these images.

      Enumeration Probes (Fig.  2.2a ) 

•     Directed against the centromeric or pericen-
tromeric regions of each chromosome; these 
repetitive-sequence probes yield large, bright 
signals.  

    Table 2.1 Suitability of various specimen types for FISH analysis   

 Substrate  Advantages  Disadvantages 

 Harvested cell suspensions  • Ability to correlate with 
G-banding fi ndings 

 • Lineage of mononuclear cells 
cannot be readily identifi ed 

 • Typically yields uniform 
results 

 • Need to wait until after harvest to 
obtain cells 

 Smears (blood, bone marrow)  • Readily available  • Red blood cells can sometimes 
obscure signals  • Can be set up same day (no 

need to wait for cell culture) 
 Touch imprints  • Easy to prepare and store  • Tissue architecture not preserved 

 • FISH can be set up same day 
 • Typically yield strong 

signals with little artifact 
 • If too thick, cell clumping precludes 

analysis 
 FFPE tissues  • Readily available 

 • Tissue architecture preserved 
 • Can be performed on 

archived specimens 

 • Signal strength can be affected by 
multiple factors (e.g., fi xation time, 
type of fi xative, decalcifi cation) 

 • Nuclear truncation due to cutting 
block during slide preparation 
results in artifactual loss of signals 

 • Longer preparation time, same-day 
turnaround not possible 

 Isolated/separated cell populations  • Cell enrichment increases 
assay sensitivity 

 • Isolation process time- and 
labor-intensive 

 • May yield weaker signal intensity 
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•   One signal per chromosome; used to count the 
number of copies of the chromosome in each 
cell.  

•   Clinical uses include evaluation of monoso-
mies or trisomies, often seen in hematologic 
malignancies such as myeloid neoplasms 
(monosomy 7, trisomy 8) and chronic lym-
phocytic leukemia (trisomy 12).     

    Locus Specifi c (Unique Sequence) 
(Fig.  2.2b ) 

•     Directed against specifi c genes or loci.  
•   One signal per chromosome; used primarily to 

evaluate gain or loss of the gene/locus.  
•   Clinical uses include evaluation of losses of 

genes/loci such as ATM and 13q14 (chronic 

  Fig. 2.2    ( a ) Three D8Z2 (centromere 8,  red ) signals and 
two D6Z1 (centromere 6,  green ) signals. ISCN designa-
tion: nuc ish(D8Z2x3,D6Z1x2).  Inset : three copies of 
chromosome 8 by G-banding. ( b ) Left cell: one D13S319 
(13q14,  red  ) signal and two LAMP1 (13q34,  green ) 
 signals, representing monoallelic loss of D13S319. 
ISCN designation: nuc ish(D13S319x1,LAMP1x2).  Inset : 
G-banded chromosome 13 pair, one of which has an inter-
stitial deletion involving 13q12-q14 ( arrow ). Right cell: 
no D13S319 (13q14,  red ) signal and two LAMP1 (13q34, 
 green ) signals, representing biallelic loss of D13S319. 
ISCN designation: nuc ish(D13S319x0,LAMP1x2). ( c ) 

Three signals each for  ABL1  ( red  ) and  BCR  ( green ), two 
of which are juxtaposed (“con”) to form yellow fusion 
signals ( arrows ). ISCN designation: nuc ish(ABL1,BCR)
x3(ABL1 con BCRx2).  Inset : derivative chromosome 9 
and derivative chromosome 22 resulting from a t(9;22)
(q34;q11.2) ( arrows ). ( d ) Two  MLL  signals are present, 
one of which is intact (yellow fusion signal) and the other 
of which is separated (“sep”) into its component 5′ ( green ) 
and 3′ ( red  ) signals. ISCN designation: nuc ish(MLLx2)
(5′MLL sep 3′MLLx1).  Inset : derivative chromosome 9 
and derivative chromosome 11 resulting from a t(9;11)
(p22;q23) ( arrows )       
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lymphocytic leukemia) and loci on 5q and 
7q (myeloid neoplasms).     

    Dual Fusion (Fig.  2.2c ) 

•     Each gene involved in the translocation is 
labeled in a different color.  

•   Juxtaposition of the genes due to the translo-
cation results in a fusion signal on each 
of the chromosome partners (derivative 
chromosomes).  

•   Clinical uses include evaluation of recurring 
translocations seen in leukemias and lympho-
mas (e.g.,  BCR - ABL1  in CML,  IGH - CCND1  
in mantle cell lymphoma and plasma cell dys-
crasias,  IGH - BCL2  in follicular and diffuse 
large B-cell lymphoma,  IGH - MYC  in Burkitt 
and double-hit lymphomas).     

    Break Apart (Fig.  2.2d ) 

•     5′ and 3′ portions of a gene are labeled in dif-
ferent colors.  

•   Separation of fusion signal into separate red and 
green signals represents gene rearrangement.  

•   Clinical uses include evaluation of rearrange-
ments involving promiscuous genes such as 
 MLL  that have multiple translocation partners 
or involving loci (e.g.,  CBFB ,  MECOM ) asso-
ciated with different types of rearrangements 
such as inversions and translocations.  

•   Easier to evaluate than dual-fusion probes in 
FFPE tissues in which nuclear overlap can cause 
false-positive fusion signals, thus, often used for 
solid tumors such as sarcomas (e.g.,  EWSR1  in 
Ewing sarcoma,  SS18  in synovial sarcoma) for 
which only FFPE tissue may be available.     

    Paint (Fig.  2.3 ) 

•        Probe mixture hybridizes to the chromosome 
of interest along its entire length.  

•   Used on metaphase cells to further character-
ize complex rearrangements and chromo-
somes of unknown origin (e.g., marker 
chromosomes).    

 Because of its fl exibility, FISH can be adapted 
to situations other than those mentioned above. For 
example, because it does not require dividing cells, 
it can be performed on uncultured cells to evaluate 
for the presence of diagnostic abnormalities (e.g., 
 PML - RARA  in acute promyelocytic leukemia) for 
which rapid turnaround time is crucial. FISH can 
also be performed on previously G-banded slides 
to further characterize G-banding fi ndings in spe-
cifi c cells. Although these require a longer hybrid-
ization time (typically 36–48 h), abnormal 
metaphases can be located on the fl uorescence 
microscope and the signal pattern evaluated. Many 
of the types of aberrations detectable by the FISH 
probes described above will be discussed in the rel-
evant chapters on specifi c disease processes. 
However, several important fi ndings that can be 
readily detected by FISH warrant mention here. 

 Gene amplifi cation has important prognostic 
and therapeutic consequences in a variety of dis-
eases, one of the most common of which is neuro-
blastoma. Although it can be suspected by 
G-banding, gene amplifi cation requires confi rma-
tion by locus-specifi c (unique sequence) probes. 
Amplifi cation of the  MYCN  locus in neuroblas-
toma is associated with aggressive disease and is a 
critical component in risk stratifi cation and thera-
peutic regimens [ 28 – 31 ]. Although  MYCN  ampli-
fi cation can be evaluated in FFPE tissue, touch 
imprints are the preferred substrate due to ease of 
preparation, strength of signals, and more rapid 
turnaround time. Just as the American Society 
of Clinical Oncology/College of American 
Pathology (ASCO/CAP) Guidelines defi ne the cri-
teria for  HER2  amplifi cation (see below), the 
International Neuroblastoma Risk Group Biology 
Committee has also issued criteria for  MYCN  
amplifi cation [ 28 ,  29 ]. Cases with  MYCN  amplifi -
cation are often very highly amplifi ed, precluding 
accurate enumeration of the signals (Fig.  2.4a ). 
These signals are frequently scattered throughout 
the cell and refl ect gene amplifi cation on double 
minute chromosomes. In contrast, cases of acute 
lymphoblastic leukemia with  RUNX1  amplifi ca-
tion often show much lower levels of amplifi ca-
tion, with as few as 5–6  RUNX1  signals per cell. 
These signals are often clustered together in inter-
phase cells, representing amplifi cation occurring 
within an abnormal chromosome 21 (Fig.  2.4b, c ).
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  Fig. 2.3    Sequential FISH after G-banding using whole 
chromosome paint probes to chromosome 2 ( red ) and 
chromosome 4 ( green ). FISH confi rmed that the complex 
rearrangements seen by G-banding resulted from a 2;13 

translocation and a subsequent translocation of the deriva-
tive chromosome 2 and a chromosome 4. Two copies of 
the derivative chromosome 13 are present       

  Fig. 2.4    ( a )  MYCN  amplifi cation: multiple  MYCN  
( green ) signals in the setting of three chromosome 2 cen-
tromere signals ( red ). ( b )  RUNX1  amplifi cation, inter-
phase: multiple  RUNX1  (21q22,  red ) signals clustered; 

two normal  ETV6  (12p13,  green ) signals. ( c )  RUNX1  
amplifi cation, metaphase: multiple  RUNX1  ( red ) signals 
clustered along the length of one copy of chromosome 21 
( arrow ), seen by both FISH and G-banding ( inset )       
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   Gene amplifi cation is also well documented in 
breast cancer.  HER2  ( ERBB2 ) amplifi cation, 
found in approximately 10–30 % of cases of inva-
sive breast cancer, has been associated with 
aggressive disease and also with response to par-
ticular chemotherapeutic regimens (reviewed in 
[ 32 ]). Patients with  HER2  amplifi cation may also 
benefi t from targeted therapy with trastuzumab, a 
monoclonal antibody directed against  HER2 . 
Although  HER2  amplifi cation can also be seen in 
in situ carcinoma, its prognostic signifi cance is 
limited to cases in which it is found in invasive 
carcinoma. Because it is critical to evaluate only 
invasive carcinoma, it is necessary to perform this 
assay on FFPE specimens to preserve tissue archi-
tecture. Before evaluating, a pathologist marks 
the areas of invasive carcinoma on a hematoxylin- 
and eosin-stained slide, and the technologist uses 
that marked slide to identify the corresponding 
area of invasive carcinoma on the FISH slide. 

 Because of its importance clinically and also as 
a criterion for entry onto various clinical trials, it is 
critical to perform, analyze, and interpret  HER2  
cases according to uniform criteria. With the goal 
of ensuring accuracy and uniformity among labo-
ratories performing  HER2  testing, the ASCO/CAP 
Guidelines [ 33 ] and the subsequent Update [ 34 ] 
defi ned specifi c preanalytic, analytic, and postana-
lytic criteria that each laboratory performing  HER2  
testing must follow. In cases in which a dual-color 
probe set is used ( HER2  and the chromosome 17 
centromere as a control),  HER2  amplifi cation is 
defi ned as a  HER2 /centromere 17 ratio per cell of 
≥ 2.0 or ≥ 6.0 copies of  HER2  per cell. The 
Guidelines also defi ne an equivocal category 
( HER2 /centromere 17 ratio of < 2.0 and ≥ 4.0 and 
< 6.0  HER2  signals per cell). These scoring criteria 
are specifi cally for breast cancer;  HER2  analyses 
performed on other tissue types (e.g., esophageal or 
gastric tissue) use slightly different criteria [ 35 , 
 36 ]. Subsequent to the publication of the fi rst 
ASCO/CAP document, an expert panel published 
guidelines for evaluating cases with intratumoral 
heterogeneity, a well- documented challenge when 
performing  HER2  and other FFPE FISH [ 37 ]. In 
situ hybridization techniques other than FISH have 
also been used to detect  HER2  amplifi cation 
[ 38 – 40 ]. 

 A number of disease processes have several 
commonly occurring genetic abnormalities that 
may occur individually or together. Because probes 
can be readily multiplexed, mixtures of FISH 
probes (“panels”) are often used to detect several of 
these abnormalities in a single assay. FISH panels 
to detect the most common abnormalities in 
voided urine [ 41 ,  42 ] and chronic lymphocytic 
 leukemia [ 43 ] are commercially available (e.g., 
Abbott Molecular, Abbott Park, IL, USA; Cytocell, 
Cambridge, UK). These probe sets can also be used 
in other clinical situations; for example, the bladder 
cancer probe set (Abbott Molecular, Abbot Park, 
IL, USA) has also been used in cytologic speci-
mens obtained from biliary tract brushings [ 42 ]. 
FISH is also playing an important role in therapy as 
well as diagnosis. As the documentation of genetic 
abnormalities is becoming increasingly important 
in determining responsiveness to therapeutic regi-
mens, some guidelines mandate the use of FISH 
for the detection of certain abnormalities (e.g., ALK 
rearrangement in lung cancer) [ 44 – 47 ]. 

 Although most clinical laboratories use com-
mercially available probes for the more frequently 
occurring abnormalities, the ready availability of 
sequence data makes it possible for laboratories to 
design and label their own FISH probes. Reasons 
for doing this include but are not limited to lack of 
a commercially available probe for the region of 
interest or the need for smaller probes to detect 
abnormalities of very small genes. For example, 
the TP53 gene is approximately 20 Kb, but com-
mercially available probes may be severalfold 
larger; losses involving only the gene or with 
small fl anking regions would be undetectable, as 
very small differences in signal size cannot be 
resolved at the microscope. Additionally, copy 
number abnormalities that are detected by other 
methods such as array-comparative genomic 
hybridization can be validated by FISH and used 
as a means to monitor the disease.   

    Conclusions 

 A number of new genomic techniques, such as 
array-based comparative genomic hybridization 
and next-generation sequencing, are entering 
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widespread clinical use and have enabled 
researchers to make signifi cant contributions to 
elucidating the genetic basis of both constitu-
tional and acquired disorders. However, reliable 
and less complex methods such as G-banding and 
FISH still play an important role in the diagnosis, 
prognosis, and therapy of many diseases. Not 
only can they be used in concert to provide a 
whole-genome view with the capability of target-
ing specifi c loci, they also are able to detect low- 
level mosaicism and balanced rearrangements 
that might be missed by other techniques. In light 
of the rapid progress that is being made both clin-
ically and in the laboratory, it is imperative that 
clinicians and pathologists educate each other 
and collaborate to incorporate these advances 
into routine practice and to determine the most 
informative combination of testing methods to 
diagnose, treat, and monitor patients.     
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          Chromosomal Rearrangements 
and Cancer 

 Genomic instability is a hallmark of cancer [ 1 ]. 
Genetic alterations accumulate during tumor 
development and progression, and genomic 
instability is an indicator of poor prognosis [ 2 ]. 
Chromosomal instability (CIN), a prevalent form 
of genome instability, involves the deletion and 
duplication of whole or a portion of a chromo-
some, known as dosage alterations [ 2 – 4 ]. Focal 
DNA dosage alterations, such as small  in sertions 
or  del etions (indels) up to 10 Kb in length, are 
commonly detected in tumor genomes [ 5 – 7 ]. 

 Somatic DNA dosage alterations and rear-
rangements resulting in gain or loss of genetic 
material are classifi ed as unbalanced, as opposed 
to balanced alterations, for example, translocation 
events where no net gain or loss occurs (Fig.  3.1 ). 
While gain or amplifi cation of DNA segments 
containing oncogenes, such as  HER - 2 / neu  and 

 MYC , and deletion of chromosomal regions con-
taining tumor suppressor genes, such as  TP53 , are 
common events across a broad spectrum of can-
cers, many genetic alterations are characteristic to 
specifi c tumor types and subtypes [ 8 – 11 ]. Array 
comparative genomic hybridization (aCGH) is a 
molecular cytogenetic technology commonly 
used in both research and clinical laboratory set-
tings for the identifi cation of DNA dosage altera-
tions in tumor genomes.

       Principles of aCGH Technology 

 Prior to the invention of comparative genomic 
hybridization technology, karyotyping techniques 
and  fl  uorescence  i n  s itu  h ybridization (FISH) 
methods were commonly used for the detection of 
chromosome-wide and locus- specifi c alterations, 
respectively. The staining of chromosomes in 
metaphase nuclei with Giemsa dye allows visual 
analysis of chromosomal rearrangements by track-
ing G-band patterns characteristic of individual 
chromosomes [ 12 ]. FISH methods utilize locus-
specifi c probes to identify deletions, duplications, 
and translocations of specifi c DNA segments [ 13 ]. 
Chromosome painting and spectral karyotyping 
methods extend FISH analysis to simultaneously 
interrogating multiple human chromosomes or 
chromosomal segments [ 14 – 16 ] (Table  3.1 ).

   The principles behind aCGH that distinguish 
it from other methods are (1) “reverse FISH,” 
where the probes are immobilized and the sample 
is labeled, and (2) “competitive hybridization,” 
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  Fig. 3.1    Chromosomal rearrangements. Normal diploid 
chromosome with a 2n DNA dosage. An abnormal number 
of chromosomes (chromosomal aneuploidy) or segments 
(segmental aneuploidy) are common events in tumorigen-
esis and have a signifi cant impact on patient prognosis. 
Deletions result in loss of genetic material. A deletion 
event can affect a whole chromosomal arm or specifi c seg-
ments (interstitial deletion, not involving chromosome 
ends). Translocations: In nonreciprocal translocations, 
genetic material is gained or lost, while reciprocal translo-
cations result in no net change in the amount of genetic 

material. Amplifi cations: Homologous stained regions 
(HSR) are chromosomal structures where a segment of the 
chromosome is duplicated or amplifi ed but remains on the 
same chromosome. Double minutes are the manifestation 
of gene amplifi cation events in small extrachromosomal 
fragments. Focal amplifi cation involves an increased num-
ber of copies of a specifi c DNA segment—frequently 
encompassing one or a few genes that can be selected for 
in clonal expansion. Distributed insertion events occur 
when a chromosomal fragment is amplifi ed and inserted 
into different locations in another chromosome       

   Table 3.1    Platforms for clinical detection of chromosomal rearrangements and their applications   

 Technique  Resolution  Scale  Detection  Sample type  Limitations 

 G-banding  Chromosome 
band 

 Karyotyping  Translocations, 
duplications, deletions 

 Metaphase 
nuclei 

 Requires 
dividing cells; 
low resolution 

 FISH  10 Kb  Locus specifi c  Translocation, 
duplication, deletion 

 Fresh or fi xed 
cells, FFPE, 
FNA 

 Detect known 
alterations 

 Multicolor FISH (SKY, 
M-FISH, CCK) 

 10 Mb  Karyotyping  Translocation, 
duplication, deletion 

 Cultured 
cells from 
specimen 

 Requires 
dividing cells; 
low resolution 

 Chromosomal CGH  2 Mb  Karyotyping  Segmental gains and 
loss 

 Fresh or fi xed 
cells 

 Low resolution 

 BAC aCGH  0.1–1 Mb  Regional and 
whole genome 

 Segmental gains and 
losses 

 Fresh or fi xed 
cells, FFPE 

 Moderate 
resolution 

 SNP oligonucleotide 
microarray 

 <30 Kb  Regional and 
whole genome 

 Segmental gains and 
losses, allelic 
imbalance 

 Fresh or fi xed 
cells, FFPE 

 Limited utility 
for FFPE 
samples 
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where the tumor sample DNA and a diploid 
genomic DNA reference (differentially labeled) 
compete for binding to immobilized probe tar-
gets [ 17 – 19 ] (Fig.  3.2 ). Before the development 
of genomic microarrays, normal metaphase 
nuclei were fi xed onto a glass slide so that 
spreaded chromosomes were used as targets for 
competitive hybridization [ 20 ].

       Development of CGH Array 
Platforms 

 The fi rst generations of genome-wide aCGH plat-
forms employed cloned DNA fragments spotted in 
microarray format to investigate selected targets 
distributed throughout the genome [ 18 ,  19 ]. For 
example, Pollack and colleagues assembled a 

CGH array using 3,360 unique complementary 
(cDNA) clones [ 21 ]. Snijders et al. used bacterial 
artifi cial chromosome (BAC) and other clones, 
containing human DNA fragments of ~0.1 Mb, to 
survey 2,460 loci for copy-number alteration [ 22 ]. 

 The development of tiling path arrays enabled 
complete genome coverage based on the physical 
map of the human genome. The submegabase reso-
lution tiling set (SMRT) array, developed in 2004, 
was fi rst to offer whole-genome coverage, with 
32,433 overlapping BAC clones spotted in triplicate 
[ 23 ]. The overlapping arrangement of these BAC 
clones abrogated the need to infer genetic events 
between marker clones. The SMRT array technol-
ogy is capable of detecting DNA copy-number 
alterations of >80 Kb in size (Fig.  3.3 ) [ 23 ].

   High-density arrays increased the resolution 
of CGH arrays [ 24 ]. Oligonucleotide probes, rep-

  Fig. 3.2    Analysis of tumor samples using aCGH. ( 1 ) 
Depending on the type of platform, aCGH technology is 
capable of analyzing samples derived from fresh frozen 
tumors and formalin-fi xed, paraffi n-embedded (FFPE) 
tissue. ( 2 ) FFPE or a fresh frozen tumor is microdissected 
to enrich for tumoral cells. ( 3 ) DNA is then extracted from 
both tumor and matched normal or a reference sample and 
differentially labeled with fl uorescent dyes. ( 4 ) Sample 
DNA is denatured. ( 5 ) Tumor and normal (reference) 

DNA are deposited onto the array where both samples 
competitively co-hybridize with probes on the array 
surface. ( 6 ) Sequences that have undergone DNA amplifi -
cation in the tumor will have a skewed signal. Likewise, 
sites of DNA losses in tumor will allow increased hybrid-
ization of normal DNA. ( 7 ) Fluorescence intensity ratios 
on the array are captured by a scanner, and output data 
from the array is normalized and plotted using different 
available visualization and analysis software       
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resenting targets of 25–80 nucleotides in length, 
were densely arranged to produce CGH array 
platforms that contain hundreds of thousands to 
millions of oligonucleotide probes. The inclusion 
of single-nucleotide polymorphism (SNP) probes 
provides allelic data, yielding information on 
copy-neutral loss of heterozygosity (LOH), and 
allelic imbalances, where only one allele is dupli-
cated or amplifi ed [ 25 ].  

    Contemporary Array CGH Platforms 

 As genomic array technology evolves, contem-
porary aCGH platforms mainly employ high- 
density arrays, for example, the Agilent SurePrint 
G3 Human CGH Microarray, which contains ~1 
million probes. For applications where both copy 

number and allelic information are desirable, 
platforms such as the Affymetrix Genome-Wide 
Human SNP Array 6.0 (containing 906,600 SNP 
markers and 946,000 CGH markers) and the 
Illumina HumanOmni5-Quad BeadChip (featur-
ing ~4.3 million probes per array, including 2.3 
million SNP probes) are commercially available 
(Table  3.2 ). Each platform uses a proprietary 
array production technology: Agilent’s SurePrint 
technology produces 60-mer oligonucleotide 
probes, Affymetrix combines chemistry and pho-
tolithography to synthesize 25-mer oligonucle-
otide probes, while Illumina’s BeadChip 
technology utilizes beads covered with immobi-
lized oligonucleotide probes. The length of the 
oligonucleotide probes is optimal for the technical 
requirement of individual platforms. Affymetrix 
designed paired 25-mer probes to distinguish 

  Fig. 3.3    FISH validation of DNA amplifi cation detected 
by aCGH. ( a ) DNA copy-number alteration for each 
probe is aligned with their chromosomal position and dis-
played by SeeGH software. Region of gene amplifi cation 
detected by aCGH on 11q13 is highlighted in  red  and con-
tains the gene encoding for  Cyclin D1  ( CCND1 ). ( b ) Gene 

amplifi cation is validated by fl uorescence in situ hybrid-
ization (FISH), by using a sequence-specifi c probe for 
 CCND1  ( red ), and by a probe specifi cally hybridizing for 
chromosome 11 ( green ). Multiple signals observed from 
the  CCDN1  probe confi rm the high-level amplifi cation 
affecting this gene       
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perfect match and mismatch to the DNA sample 
being analyzed, while Agilent and Illumina use 
50–60-mer oligonucleotides to maximize sensi-
tivity [ 26 ,  27 ]. It is important to note that the 
resolution of an array is not defi ned by the length 
of the array elements (i.e., an array consisting of 
25-mer elements will not offer a resolution of 25 
bp) but rather by probe density and distribution. 
Smaller probe size will increase the ability to 
detect smaller alterations [ 24 ].

       Application of aCGH to Identify 
Genetic Alterations in Cancer 

 In hematological cancers, the ability of genome 
scanning at a high resolution, provided by array- 
based CGH, has enabled the identifi cation of 
cryptic recurrent genomic imbalances not 
detected by conventional cytogenetic techniques. 
Such fi ndings have proven relevant to patient 
prognosis and understanding disease mecha-
nisms. Copy-number alterations identifi ed in 
myelodysplastic syndromes (MDS) are a case in 

point [ 28 ]. The localization of deletion break-
points on chromosome arm 5q facilitated the 
identifi cation of MDS patients with shorter 
 overall survival, as well as microRNA gene dele-
tions as mediators of the 5q-syndrome phenotype 
potentially through haploinsuffi cency [ 28 – 32 ]. 
The use of aCGH to track DNA alterations in lon-
gitudinal cohorts of chronic lymphocytic leuke-
mia (CLL) patients showed complex clonal 
evolution during disease progression and the 
development of chemotherapy resistance [ 33 , 
 34 ]. Likewise, aCGH has enabled genomic com-
parison of clonal cell populations within the same 
patient. Recent studies revealed that multiple 
subclones in the lymph nodes originate from a 
common clone, suggesting clonal evolution of 
adult T-cell leukemia/lymphoma taking place in 
lymph nodes [ 35 ]. These fi ndings were also 
observed in mantle cell lymphoma [ 36 ]. 

 In sarcomas, mutation and DNA copy-number 
profi lings have led to the identifi cation of subtype- 
specifi c genomic alterations and promising 
therapeutic targets [ 37 ]. Array-based CGH yielded 
genomic signatures that predict poor outcome in 

     Table 3.2    Example of contemporary array CGH platforms   

 Platform  Source 
 Array type 
(probe size)  No. markers 

 Median 
spacing 

 Sample 
amount 

 Use FFPE 
samples 

 Genome-Wide Human 
SNP Array 6.0 

 Affymetrix  SNP and CNV 
(25 mer) 

 1.8 M  <0.7 kb  0.5 μg 

 HumanOmni5-Quad 
BeadChip 

 Illumina  SNP and CNV 
(50 mer) 

 4.3 M  0.36 kb  0.4 μg 

 SurePrint G3 Human CGH 
Microarray 1 × 1M 

 Agilent  CNV (60 mer)  963,029  2.1 kb  1–2 μg 

 SMRT array v.2  BCCRC  CNV (BAC, 
100–150 Kb) 

 32,433  Tiling  0.2 μg  Yes 

 Human Genome CGH 
244A 

 Agilent  SNP (60 mer)  ~236,000  8.9 kb  0.5–1 μg 

 Illumina 
HumanExon510s-duo 

 Illumina  CNV (25 mer)  511,354  3.2 kb  0.75 μg 

 Infi nium CytoSNP- 850K 
BeadChip 

 Illumina  SNP (50 mer)  ~850,000  6.2 kb  1–2 μg  Requires 
restoration 

 CGX array  PerkinElmer  Oligonucleotide  ~164,000 
 CytoChip Cancer 4 × 180K  BlueGnome  Oligonucleotide  153,442  20 kb 
 CytoSure Consortium 
Cancer + SNP 

 Oxford Gene 
Technology 

 Oligonucleotide  ~180,000 

 OncoScan™ FFPE Assay  Affymetrix  Oligonucleotide  334,183 (~900 
cancer genes) 

 9 kb  80 ng  Yes 
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undifferentiated pleomorphic sarcomas and leio-
myosarcomas [ 38 ]. Similarly, a combined aCGH 
and expression profi ling approach has yielded 
prognostic signatures able to predict metastatic 
outcome in soft tissue sarcomas on the basis of a 
gene expression signature related to genome 
complexity [ 39 ]. 

 In solid tumors, aCGH has been instrumental 
in identifying disease-specifi c genetic alterations 
(Fig.  3.4 ). For example, in non-small cell lung 
cancer, aCGH comparison of squamous cell car-
cinoma and adenocarcinoma subtypes revealed 
lineage-specifi c genetic alterations [ 10 ,  40 ]. For 
example, the  NK2 homeobox 1  ( NKX2 - 1 ) gene at 
14q13, also known as  thyroid transcription factor 
1  ( TTF - 1  or  TITF1 ), is amplifi ed in adenocarci-
noma, while  SRY - BOX 2  ( SOX2 ) at 3q26.33 and 

the  BRF2 subunit of RNA polymerase III tran-
scription initiation factor  ( BRF2 ) gene at 8p11.23 
are primarily amplifi ed in squamous cell carcino-
mas. These genes are prime examples of cell 
lineage- survival oncogenes [ 40 – 46 ].

   The biological effect of DNA copy-number 
alteration is not limited to a single gene. In a 
multiple- component system such as a signaling 
pathway or a protein complex, alteration of a 
single-component gene can disrupt the entire 
complex. Individual component genes may be 
altered at a low frequency, but when different 
components are altered in different patients, the 
disruption of the protein complex can become a 
common event [ 47 ]. For example, gene dosage 
alteration is found to be a low-frequency event 
but a prominent genetic mechanism in disrupting 

  Fig. 3.4    Analysis of array comparative genomic hybridiza-
tion data in tumor genomes. ( a ) Heatmap representing 
somatic copy-number alterations across a panel of 83 lung 
adenocarcinomas ( columns ). Analysis was performed with 
the GISTIC bioinformatic package. DNA gains (in  red ) and 
losses ( blue ) for each chromosome are shown. ( b ) Copy- 

number analysis performed with the Partek ®  Genomics 
Suite™ (version 6). Data derived from Affymetrix Genome- 
Wide Human SNP Array 6.0. Copy-number status for 
probes mapping to chromosome 1 is shown. Central  blue 
line  indicates diploid status. DNA copy-number losses are 
shown to the  left , while DNA gains are plotted to the  right        
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each component of the KEAP1-CUL3-RBX1 
complex and its NF-κB stimulating substrate, 
IKBKB. Remarkably when all components are 
considered, more than half of the tumors ana-
lyzed showed genetic alteration in one or more 
complex components in a recent non-small cell 
lung cancer study [ 47 ]. Multiple-component dis-
ruption of this complex represents a novel mech-
anism of NF-κB activation in lung cancer. 

 Gene dosage alteration also impacts response 
to therapy. For example, the amplifi cation of the 
 HER - 2 / neu  gene and  EGFR  ( epidermal growth 
factor receptor ) copy-number status can predict 
the likelihood of response to EGFR-targeted ther-
apies. Lung cancer patients that have  EGFR  
amplifi cation show signifi cantly better response 
rates to gefi tinib (an EGFR inhibitor) compared 
to patients with normal gene or protein levels 
[ 48 ]. Furthermore, combination of aCGH and 
next-generation sequencing (NGS) has been use-
ful in determining complex genomic rearrange-
ments in circulating tumor cells, which provides 
new options for monitoring tumor progression, 
treatment, and relapse [ 49 ].  

    Technical Considerations 

 Clinical specimens are often confounded by lim-
ited DNA quality and quantity and by the hetero-
geneity of cell populations. Fresh frozen tumors 
provide high-quality genomic DNA; however, 
typical specimens from hospital archives, espe-
cially historic samples with clinical outcome, 
exist as formalin-fi xed, paraffi n-embedded 
(FFPE) material. Formalin fi xation has been 
found to cause DNA degradation. Much effort has 
been made to develop strategies for restoring 
DNA isolated from FFPE samples, and protocols 
for DNA extraction and sample amplifi cation 
have been developed and applied to aCGH analy-
sis of a variety of cancers [ 50 – 55 ]. BAC-based 
array platforms have proven effective in produc-
ing aCGH profi les from microdissected (low- 
quantity) and FFPE (low-quality) specimens, due 
to the large size of hybridization targets (~0.1 Mb) 
capturing ample signals from the fl uorescently 
labeled samples [ 19 ,  56 ]. However, the limited 

resolution of BAC arrays has prompted develop-
ment of labeling and hybridization strategies for 
FFPE samples that are compatible with high-density 
oligonucleotide array alternatives (Table  3.2 ). The 
Agilent arrays utilize a protocol based on 
Kreatech’s Universal Linkage System (ULS™) 
technology, a nonenzymatic direct labeling meth-
odology [ 57 ]. The Illumina Infi nium CytoSNP-
850K BeadChip is also able to process FFPE 
samples, although an initial sample DNA restora-
tion process is required [ 50 ]. The Affymetrix 
OncoScan™ express array provides data on copy-
number changes and copy- neutral LOH on FFPE 
samples at ~900 cancer gene loci, through the use 
of molecular inversion probe (MIP) DNA amplifi -
cation technology [ 58 ]. 

 Sample DNA amplifi cation can drastically 
reduce the amount of primary material required; 
however, noise and bias are introduced by nonlin-
ear amplifi cation of sequences, limiting utility in 
the analysis of low-yield clinical specimens, such 
as microdissected samples, sorted cell popula-
tions, and preneoplastic lesions [ 59 ]. Current 
aCGH platforms have very different primary 
material quantity requirements. BAC-based 
arrays have the lowest input sample DNA require-
ments (~200 ng), while oligonucleotide- and 
SNP-based platforms require higher amounts in 
the microgram range (Table  3.2 ).  

    Use of Next-Generation Sequencing 
to Identify Dosage Alterations 

 A common limitation of the aCGH technology is 
that it is unable to detect sequence mutations and 
balanced chromosomal rearrangements, such as 
balanced translocation and inversion events. With 
lowering cost for whole-genome sequencing and 
advancing bioinformatics capability for NGS, 
this approach is an emerging technology for pro-
fi ling tumor genomes. The detection of structural 
variations through NGS approaches takes advan-
tage of the mapping of sequence reads to the 
human genome. The accuracy of calling altera-
tions is infl uenced by the depth of sequencing 
(the number of times that each sequence is read) 
[ 60 – 62 ]. Sequence alignment maps the exact 
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location of the alteration, while depth of cover-
age provides information on the magnitude of the 
alteration. NGS technology has been proven suc-
cessful in identifying challenging alterations, 
such as small indels, balanced translocations, and 
inversions [ 63 – 65 ]. The most recent NGS-based 
approaches for copy-number analysis use tar-
geted breakpoint capture followed by sequencing 
[ 66 ]. Overall, NGS offers an approach comple-
mentary to array CGH technologies to provide a 
comprehensive identifi cation of structural chro-
mosomal rearrangements in tumor genomes.  

    aCGH: From Bench to Bedside 

 Array CGH platforms are becoming a routine 
tool in clinical molecular diagnostics laborato-
ries. For prenatal diagnosis, the International 
Standard Cytogenomic Array (ISCA) Consortium 
supports the use of aCGH as a fi rst-line clinical 
diagnostic test for individuals with  developmental 
disabilities or congenital anomalies [ 67 ]. For 
cancer molecular cytogenetics, the Cancer 
Cytogenomics Microarray Consortium (CCMC) 
is aiming to establish platform-neutral and 
cancer- specifi c microarray designs for diagnostic 
purposes. BlueGnome (Illumina) has developed 
 CytoChip Cancer  using standards set by ISCA 
and CCMC which covers 670 cancer genes with 
~20,000 disease-targeted oligonucleotide probes.  

    Conclusions 

 The array-based CGH technology has greatly 
expanded the scope of molecular cytogenetics 
beyond karyotype analysis. This technology has 
experienced tremendous progress in the past 
decade with continual improvement in array res-
olution and genome coverage. These advance-
ments are accompanied by a steady reduction in 
the cost of assays and increased reproducibility 
due to the establishment of robust protocols and 
the manufacturing of genomic arrays and quality 
controlled reagents by commercial vendors. The 
development of robust methods for sample 
amplifi cation and labeling to reduce material 

quantity and quality requirement of clinically rel-
evant specimens and the increasing availability of 
user-friendly bioinformatic tools for processing 
and interpreting aCGH data contribute to the 
acceptance and implementation of aCGH as a 
tool for molecular cytogenetics in cancer research 
and clinical diagnostics.     
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Introduction

Nucleic acid amplification by polymerase chain 
reaction (PCR) is a molecular technique that is used 
to amplify the copy number of a specific DNA 
region of interest [1, 2]. It has revolutionized the 
field of molecular biology since its Nobel award-
winning discovery by Mullis and colleagues in the 
mid-1980s [3]. Its relative simplicity, versatility, and 
high amenability for automation have allowed for 
the many impactful discoveries in the fields of 
microbiology, genetics, and oncology [4–6].

In this chapter, we will discuss the technical 
aspects of PCR as well as optimization and trou-
bleshooting of the reaction. We will also elabo-
rate on the variations and types of PCR. Finally, 
current and prospective clinical applications of 
PCR will be discussed.

Principle and Basic Steps of PCR

The principle of PCR has been extensively 
described in the literature [7–13]. At its simplest, 
the starting reagents in a PCR include a DNA 
template, a reaction buffer, a cocktail of deoxy-
nucleotide triphosphates (dNTPs), a heat-stable 

DNA polymerase enzyme, magnesium ions 
(Mg2+), and specific DNA primers that flank the 
region to be amplified (this region is also called 
the amplicon). A typical PCR cycle is divided 
into three basic steps, namely, thermal-induced 
separation (denaturation) of the double-stranded 
target DNA, annealing of synthetic oligonucle-
otide primers to the target sequence, and exten-
sion of the annealed primer-target sequence by a 
DNA polymerase (Fig. 4.1). This cycle is 
repeated 25–40 times. Some protocols supply the 
enzyme in an inactive form to prevent nonspe-
cific binding of the primers, and this requires an 
additional initial enzyme activation step (usually 
by heat). PCR products are then analyzed and/or 
quantified by a variety of methods. Modifications 
to the reagents, the steps, and detection methods 
have improved on this basic concept to truly 
showcase the potential of this method for research 
and clinical applications.

The Denaturation Step

Thermal denaturation of the double-stranded DNA 
(dsDNA) target is the first step in the reaction. 
Often a failed reaction is due to inadequate dena-
turation of DNA. dsDNA is denatured into single-
stranded DNA (ssDNA) that can hybridize to 
single-stranded primers. Initial denaturation of 
target DNA is typically set at 94 °C for 6–8 min, 
which in subsequent cycles can be reduced to 1–2 
min. As genomic DNA targets decrease and ampli-
fied PCR targets increase during the progression 
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of the PCR, it has been suggested to use a lower 
denaturation temperature to minimize thermal 
denaturation of the Taq polymerase enzyme.

The Annealing Step

The primer annealing step is largely determined 
by the composition of the primers and their 
melting temperature. Having primers in molar
excess concentration promotes target hybridiza-

tion to the primer over target reannealing as the 
smaller primers move more rapidly in solution 
than larger ssDNA molecules.

The Extension Step

The primer extension step requires adjusting
the temperature and the extension time. 
Extension temperature is determined by the 
optimal functional temperature of the DNA 

I. Denaturation Step

template
5’

5’

5’

5’

3’
3’

3’

3’

5’

5’3’

3’

II. Annealing Step

III. Extension Step

Pol

Pol

Pol

Pol

Pol

5’

5’3’

3’

amplicon (2n)

Fig. 4.1 A simplified schematic of the basic steps of a 
polymerase chain reaction. A typical PCR cycle consists 
of three steps: a denaturation step to separate the double-
stranded DNA template into two single stands, annealing 
step where the primers hybridize to the template, and 

extension step where a complimentary copy is made by 
the polymerase enzyme (Pol) (red arrow = forward 
primer; green arrow = reverse primer). Theoretically, if 
you start with two stands of DNA, the exponential PCR 
amplicon production after n number of cycles will be 2n
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polymerase used while the extension time is 
determined by the length of the target sequence. 
For example, using Taq polymerase, the typical 
extension temperature is 72 °C, with an exten-
sion time of 1 min for products up to 2 kb in 
length. Some protocols merge annealing and 
extension into one step.

Cycle Number

The number of cycles required is inversely 
dependent on the starting copy number of the 
target DNA. For example, a starting concentra-
tion of 105 template molecules requires 25 cycles 
for an ethidium bromide-visible signal on gel 
electrophoresis. Lower copy numbers of target 
DNA require more amplification cycles. Given 
that target DNA is doubled for every PCR cycle, 
if you start with two copies of DNA, the theoreti-
cal exponential PCR amplicon production after n 
number of cycles will be 2n. However as the
reaction progresses past 25 cycles, the PCR 
amplicon production begins to plateau as the 
reaction components (most often dNTPs) 
become rate limiting as they are consumed by 
the reaction. In addition, there is a steady decline 
in efficiency of the DNA polymerase due to ther-
mal denaturation.

The PCR Reagents

Target-Specific Primers

One of the key advantages of PCR over other 
nucleic acid analysis methods is its high specific-
ity, mediated by the use of target-specific prim-
ers. Two single-stranded primers are employed, 
which flank the 5′ and 3′ ends of the desired 
dsDNA sequence. The primers (commonly des-
ignated as the forward and reverse primers) are 
complementary to opposite ends of the denatured 
ssDNA of the sequence of choice (designated 
correspondingly, as the reverse or forward 
strands). Inherent in the design of primers is the 
knowledge of the DNA sequence of interest.

There are general concepts for ideal primer 
design. First, the primer sequence should be 
unique in the target DNA sequence to minimize 
the chance of nonspecific amplification. 
Second, primers should have minimal intra- 
and inter- sequence complementarity to mitigate 
the formation of primer-dimer sequences, 
which can negatively impact the yield of the 
reaction or, worse, lead to spurious results. 
Stretches with more than three or four of the 
same base, secondary structures such as hairpin 
loops, and palindromic sequences should be 
avoided. Third, primer concentration should be 
added in molar excess compared to the target 
DNA, as primers are incorporated and con-
sumed at each cycle. Finally, optimizing the 
annealing temperature is essential to specificity 
as nonspecific binding occurs at lower anneal-
ing temperatures, whereas annealing might not 
happen if the temperature is too high. The 
annealing temperature is determined by the 
primer melting temperature. There are a num-
ber of free online tools that can help designing 
primers and also calculate the annealing tem-
perature for each primer.

DNA Template

The robustness of PCR stems from its ability to 
amplify DNA from various sources such as tis-
sues, peripheral blood, or other material such as 
hair or nail specimens. Tissues can be fresh, fro-
zen, or formalin-fixed. Furthermore, the nucleic 
acid source can be RNA, genomic DNA, or mito-
chondrial DNA. Indeed, PCR is so remarkably 
robust that even fragmented DNA, such as 
archived material from formalin-fixed paraffin 
wax-embedded tissues, in nanogram quantities, 
can be sufficient for amplification [14]. A rate 
limiting step, therefore, is the DNA extraction 
procedure. In general, proteinase K digestion of 
fresh tissue yields the highest and best quality 
DNA. However, this process is laborious and
involves multiple phenol-chloroform extraction 
steps. An alternative, faster extraction method, 
but one that produces a lower yield and quality, is 

4 Polymerase Chain Reaction



42

achieved by boiling the fresh tissue in sterile 
water for 15 min. DNA can be extracted success-
fully from archival samples, stained sections, or 
cytological preparations using either approach 
described above. In all these methods, the use of 
EDTA- containing buffers should be avoided as it 
affects Mg2+ ion concentrations. Also, contami-
nation with organic solvents should be minimized 
as this affects other PCR reagents.

dNTPs

dNTPs can be obtained either as freeze-dried 
or neutralized aqueous solutions. They are also 
available as labeled nucleotides (radioactive or 
fluorescent labeled) for use in subsequent 
hybridization or sequencing (as discussed 
below) reactions. Currently, they are com-
monly supplied by the manufacturers of a pro-
prietary PCR kit as aqueous solutions at a stock 
concentration, with a final working concentra-
tion of 50–200 μM, which is sufficient to syn-
thesize 6.5–25 μg of DNA.

PCR Buffer

Tris buffer at a concentration of 10 mM and pH
of 8.5 or 9.0 at 25 °C is the buffer of choice for 
most PCRs. The pH of Tris is temperature depen-
dent such that a buffer made to pH 8.8 at 25 °C
will have a pH value of 7.4 at 72 °C. This is the
optimal working temperature and pH for Taq
polymerase. Primer annealing is further facili-
tated by 50 mM KCl or NaCl salts; however, con-
centrations in excess will inhibit Taq polymerase 
activity. Phosphate salts are generally avoided as 
they can precipitate Mg2+ at the high tempera-
tures used in the PCR [15]. Another key ingredi-
ent to the reaction buffer is Mg2+ ions at a 
concentration that is specific and empirically 
determined per amplification reaction (as dis-
cussed in the optimization section below). Also, 
additives can be used to further optimize the PCR 
amplification. Most reaction buffers are bundled 
and supplied by manufacturers as a 10× proprie-
tary stock, with or without Mg2+ and additives.

DNA Polymerase

The key reagent that revolutionized PCR is the 
heat-stable DNA polymerase found in microor-
ganisms surviving in extreme environments. 
Whereas most proteins are denatured at the tem-
perature required for DNA denaturation, these 
polymerases are still functional. Three com-
monly used DNA polymerases are Pfu 
(Pyrococcus furiosus), Vent or Tli (Thermococcus 
litoralis), and Taq polymerase (Thermus aquati-
cus), with the latter being the most common 
commercially available polymerase. These poly-
merases are functionally quite robust in that they 
can extend DNA at a wide range of temperatures 
as long as a primer-template hybrid is present. 
However, the optimal working temperature for
these enzymes is 70 °C and a pH of 7.0–7.5.
Nonetheless, the half-life of Taq DNA poly-
merase activity is >2 h at 92.5 °C, 40 min at 95 
°C, and 5 min at 97.5 °C, which explains the 
decline in fidelity and the plateau effect towards 
cycles greater than 25. Notably, Taq polymerase 
lacks a 3′–5′ proofreading exonuclease activity 
leading to an error rate of 1 in 9,000 bases [15]. 
Additionally, Taq polymerase is sensitive to 
Mg2+ concentration.

Detection, Characterization, and 
Quantification of PCR Products

At the completion of the PCR amplification, the 
DNA product can then be detected, quantified, 
and analyzed by various methods, as shown in 
Box 4.1. The most cost-efficient, widely used 
method is agarose gel electrophoresis of the 
PCR product that is visualized by ethidium bro-
mide (EtBr) staining. This process allows for 
analysis of the PCR-generated product based on 
size. DNA fragments are visualized under UV 
illumination. A DNA ladder of known sizes is 
used to correlate with the size of the product. 
Primer dimers and other small products also 
appear as diffuse bands close to the leading edge 
of the gel. Other additional bands on the gel may 
be the result of single-stranded products or non-
specific priming [16].
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Semiquantitative analysis of the PCR prod-
uct after gel electrophoresis can be done by 
measuring the densitometry of the product 
compared to the densitometry values of a 
known housekeeping gene. Multiplex and 
mimic PCR offered a more accurate quantita-
tive method where serial dilutions of a com-
petitive DNA fragment (the mimic) are added 
to constant amounts of complementary DNA 
(cDNA). During PCR, competition occurs 
between template and the mimic for a given 
primer set, and because a known quantity of 
mimic is added, the concentrations of a partic-
ular cDNA and hence messenger RNA (mRNA) 
can be determined [15]. In quantitative real-
time PCR (Q-PCR), the quantification is based 
on measuring the accumulated product after 
each cycle, as described below [17].

Gel electrophoresis can be also followed by 
Southern blot hybridization, which allows for 
confirmation of the amplicon through hybridiza-
tion of a probe with denatured amplicon DNA 
fixed on a membrane. This method is quite labo-
rious and involves use to radioactively labeled 
probes. Southern blotting is now supplanted by 
sequencing or fluorescence-based assays.

Optimization of PCR

Optimization is critical in obtaining a success-
ful PCR [18]. A number of factors need to be 
optimized, as summarized in Box 4.2, and 

discussed below in more details. Negative 
results in the PCR can be due to a number of 
reasons, including lack of optimization, in addi-
tion to absence of the target in the examined 
specimen, as shown in Box 4.3. In general, 
a number of controls are included in a PCR: a 
negative control (usually no DNA template), 
a positive control (usually a cloned dsDNA 
copy of the target), and a second PCR control 
which is usually a housekeeping gene that is 
abundantly expressed in every tissue.

Melting and Annealing Temperatures

The melting temperature (Tm) is the temperature 
at which 50 % of the oligonucleotide primers are 
bound to their complementary sequence and the 
other 50 % are separated into single-stranded 
molecules. The Tm of the primer depends on both 
its length and its nucleotide sequence composi-

Box 4.1 Different Approaches for 
Visualization and Analysis of PCR Products

• Gel electrophoresis with ethidium 
bromide

• Southern blot hybridization by probes
• Colorimetric (biotin-labeled primer)
• Restriction fragment length polymor-

phism (RFLP)
• Single-stranded conformational poly-

morphism (SSCP)
• Sequencing of the PCR product

Box 4.2 Factors That Need Optimization to 
Achieve a Successful PCR

• Annealing temperature
• Choice of the primers
• Mg2+ concentration
• Reaction buffer
• Polymerase enzyme
• Cycle number
• Quality of DNA target

Box 4.3 Reasons for Negative Results in a PCR

• Negative specimen (absence of target 
DNA)

• Target degradation
• Presence of inhibitor substance (e.g., 

heparin)
• Wide differences in the melting temper-

ature of the primers
• Loss of the enzyme activity
• Lack of optimization (buffers, Mg2+, 

temperature, etc.)
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tion, specifically the ratio of the number of gua-
nines and cytosines to the number of adenines 
and thymidines. For sequences less than 14 
nucleotides, the formula is

 Tm wA xT yG zC= + ´ + + ´( ) ( )2 4  

where w, x, y, and z are the numbers of the bases 
A, T, G, and C in the sequence, respectively.

For sequences longer than 13 nucleotides, the 
equation used is

 
Tm yG zC

wA xT yG zC
= + ´ + -

+ + +
64 9 41 16 4. ( . ) /

( )  

Both above equations assume that the anneal-
ing occurs under the standard conditions of 50 
nM of primer, 50 mM of Na+, and pH 7.0 for the
reaction. The melting temperature serves as a 
starting point for choosing the annealing temper-
ature for the PCR. Optimal annealing tempera-
ture is determined experimentally by comparing 
a range of temperatures around the estimated 
degree. Additionally, melting curve analysis is a 
powerful post-amplification analysis that is used 
in real-time PCR to determine characterizations 
of mutations or single-nucleotide polymorphisms 
(SNPs) in the DNA sequence of interest (as dis-
cussed below) [19, 20].

Magnesium Ion Concentration

Magnesium ions are essential to DNA polymerase 
function as they associate with DNA, dNTPs, and 
the polymerase. Because of this, Mg2+ can affect 
the Tm of the primers and consequently the speci-
ficity of the PCR and the fidelity of the DNA poly-
merase. As a rule of thumb, the Mg2+ concentration 
in the reaction mixture is generally 0.5–2.5 mM 
greater than the concentration of dNTPs. The 
optimal concentration is specific and must be 
determined empirically per reaction.

Reaction Additives

To further optimize the reaction, organic addi-
tives can be used in some cases to improve the 
specificity and yield of the PCR amplification. 
Several organic additives, nonionic detergents, 

and bovine serum albumin have been described. 
The mechanism of action for each of these addi-
tives may be multifactorial and varied. For exam-
ple, dimethyl sulfoxide (DMSO) may play a role 
in altering the Tm that favors a more specific 
primer-target binding. On the other hand, bovine 
serum albumin may sequester protein inhibitors 
of the PCR amplification. Titration of the concen-
tration of these additives in the reaction is usually 
required to determine the optimal concentration.

Thermal Cyclers

While each manufacturer’s model may be slightly 
different, a good thermal cycler should have thermal 
uniformity, a cooling system, a heating block, and a 
programmable memory. Variations between ther-
mal cyclers include the type and capacity of reac-
tion vessels used (i.e., plates vs. tubes vs. glass 
slides; 48-well vs. 96-well plates). Some have 
smaller separate heating blocks that allow for mul-
tiple reactions to run simultaneously (which is espe-
cially useful when optimizing Mg2+ and annealing 
temperatures per reaction). Others also use heated 
covers to allow for the omission of mineral oil addi-
tives in the reaction. For real-time PCR, thermal 
cyclers are capable of exciting fluorophores and 
detecting emitted light wavelengths. Furthermore, 
they are equipped with post-amplification software 
that can analyze fluorescence values that can be 
used to track the PCR amplification curve, optimize 
the reaction, quantify PCR amplified products, and 
perform melting curve analyses.

Common PCR Variants and 
Modifications

There are different types and variants of the PCR, 
as outlined in Table 4.1. The common variants 
are discussed here in more details.

Reverse Transcription PCR

Gene expression studies have greatly benefited 
from a modification in the basic PCR with a pre-
ceding step of reverse transcription [21]. Using 
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reverse transcriptase (RT) enzyme, mRNA 
sequences are transcribed into cDNA which can 
then serve as the DNA template for the subse-
quent PCR. Most RT enzymes are isolated from 
viruses, for example, the avian myeloblastosis 
virus (AMV) and the Moloney murine leukemia 
virus (MMLV). AMV reverse transcriptase has 
the advantage that the optimum temperature for 
reverse transcription is 42 °C, which is of benefit 
if the RNA template has a high degree of second-
ary structure [18].

Briefly, the method involves the initial con-
version of mRNA to cDNA using a RT enzyme. 
This can be primed by various strategies includ-
ing the use of a downstream antisense PCR 
primer that is specific to the RNA of interest, 
random hexamers, or an oligo d(T) primer tar-
geted at the poly(A) tail of mRNA. Using anti-
sense primers offers the advantage of specificity 
but limits subsequent PCR to testing a single 
product. Random hexamers and oligo d(T) prim-
ers offer the advantage of having cDNA template 
that can be used for a number of independent 
PCRs within the same tube. However, oligo d(T)
primers suffer fidelity issues with long mRNA 
sequences or those with secondary RNA struc-

tures. The single- stranded cDNA produced by 
the RT reaction is then amplified during the first 
cycle of the standard PCR by Taq polymerase to 
yield double- stranded cDNA, which is then 
amplified in further cycles.

Real-Time (Quantitative) PCR

An evolutionary improvement of PCR came with 
the introduction of quantitative (real-time) analy-
sis [22, 23]. The powerful advantage of real-time 
PCR is its ability to quantify the amplified prod-
uct in the reaction with extremely high analytic 
sensitivity. In real-time PCR, amplification is 
combined with simultaneous detection and anal-
ysis of PCR products as they are synthesized in 
real time rather than waiting until the end of the 
reaction when quantification can be misleading 
due to a plateau effect (Fig. 4.2). At the end of 
each cycle, the fluorescence intensity produced 
(which is proportional to the amount of accumu-
lated product) is detected and plotted against the 
PCR cycle number. The cycle number at which a 
set fluorescence intensity threshold is attained is 
called the crossing threshold or cycle threshold 

Table 4.1 PCR types and variants

Type Description

Reverse transcription PCR See text for details
Multiplex PCR Using two or more pairs of primer to target different DNA regions 

in the same reaction for the same specimen [39]
Nested PCR The product of initial amplification is re-amplified with a new set of 

primers that are located within the first set to enhance sensitivity [40]
Quantitative (real time) PCR See text for details
Restriction fragment length polymorphism PCR followed by restriction digestion of the product. Mutations 

will alter the size of the fragment produced by restriction digestion
Single-stranded conformational polymorphism See text for details
Cold PCR protocols G/T to A/G mutations decrease the melting temperature of the 

targets and thus lower denaturation temperature can be used to 
preferentially amplify mutant DNA if it is present in a minority 
component [41]

Methylation-specific PCR A method for analysis of DNA methylation patterns in CpG 
islands. DNA is modified by sodium bisulfite, converting all 
unmethylated, but not methylated, cytosines to uracil and PCR 
performed with two primer pairs for methylated and unmethylated 
DNA, respectively [42]

In situ PCR Combines the extreme sensitivity of the PCR with the anatomical 
localization provided by in situ hybridization [43]

4 Polymerase Chain Reaction



46

(Ct) for the reaction. This threshold is set early in 
the log-linear growth phase of the PCR amplifi-
cation curve and roughly corresponds to the start-
ing amount of the template DNA of the sample.

There are myriad applications of real-time 
PCR’s ability to detect and analyze a particular 
target. At its most basic application, real-time 
PCR can be used to quantify the gene expres-
sion levels of a target cDNA. Moreover, 
depending on the chemistry and the analytic 
software used, post-amplification, real-time 
PCR can be also used for other purposes, like 

detection of SNPs using end point analysis or 
for gene mutation analysis through post-ampli-
fication melting curve analysis.

Real-Time PCR: Probe Design
Two broad fluorescence strategies are used: 
nonspecific and specific to a target DNA 
sequence. The nonspecific fluorescence makes 
use of an intercalating dye such as SYBR green 
or ethidium bromide, which binds to the minor 
groove of dsDNA. This allows for a low-cost 
and quick method of quantifying amplicons as 
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Fig. 4.2 A representative blot of a quantitative PCR. 
The cycle number is shown on the X-axis, and the flores-
cent signal is displayed on the Y-axis. The intensity of the 
fluorescent signal is measured at the end of each cycle 
and is proportional to amount of the PCR product for 
each sample. The cycle number at which a set fluores-

cence intensity threshold is attained is called the crossing 
threshold or cycle threshold (Ct) for the reaction, and it is 
inversely proportional to the initial concentration of the 
DNA target in the template. At the end of the reaction, all 
samples reached a plateau, and the PCR product of all 
samples will be the same
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the fluorescence accumulates per PCR cycle. 
However, as the dye is nonspecific, other dou-
ble-stranded sequences such as primer dimers 
will be also detected.

Specific methods for detection employ the use 
of fluorescent-labeled amplicon-specific oligo-
nucleotide probes. Probes are designed to be 
complimentary to a DNA target region and have 
a fluorophore (with or without a nearby quencher 
moiety) that absorbs and emits light at specific 
wavelength that is detectable by the thermal 
cycler (Fig. 4.3). During the PCR amplification, 
the probes have either a change in their emission 
spectra only when bound to the target DNA in a 
specific orientation or they produce a fluores-
cence signal in proportion to the amount of 
amplicon generated. The most commonly 
employed probe designs include hybridization 
probes, hydrolysis or TaqMan® probes, minor 
groove-binding (MGB) probes, and molecular 
beacon probes.

Hybridization Probes
The hybridization probe method uses two oli-
gonucleotide probes that are both fluorescently 
labeled (a donor and a reporter fluorophore) 
(Fig. 4.3a). These probes are designed to be 
complementary to two regions that are in close 
proximity to each other on the target DNA. 
This method depends on the physical property 
of fluorescence resonance energy transfer 
(FRET), wherein when two fluorophores are in 
close proximity to one another, the donor fluo-
rophore is excited by the thermal cycler light 
source and emits light at a wavelength in the 
absorption range of the second reporter fluoro-
phore. During a PCR cycle, binding of the two 
probes during the annealing step allows for 
FRET to occur, and the reporter absorbs the 
donor emission and emits light at a wavelength 
detected by the real-time PCR thermal cycler. 
The amount of product generated per cycle is 
proportional to the FRET fluorescence gener-
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ated. Hybridization probes are also useful
for detection of small deletion or insertion 
mutations.

Hydrolysis and Minor Groove-Binding 
Probes
As shown in Fig. 4.3b, the hydrolysis or 
TaqMan™ probe method requires an oligonucle-
otide probe that is labeled with a reporter fluoro-
phore at the 5′ end and a fluorescence quencher 
at the 3′ end and a DNA polymerase with a 5′ 
exonuclease activity. At the beginning of the PCR, 
the probe does not fluoresce as the quencher dye 
absorbs the light emitted from the reporter. 
During the annealing and extension steps of each 
cycle, the probe is incorporated into the PCR 
product, and the 5′ exonuclease activity of the 
DNA polymerase cleaves the probe and releases 
the reporter dye from the effect of the quencher. 
The amount of free fluorescence is proportional 
to the amount of PCR product accumulating 
after each cycle.

MGB probes work in similar principle to the 
hydrolysis probes in that this method uses a 
dual- labeled probe and requires a 5′ exonucle-
ase activity. The difference is the addition of a 
covalently linked molecule that can bind to the 
minor groove of dsDNA which further stabi-
lizes the hybridization of the probe to target 
DNA which raises the melting temperature of 
the reaction.

Hydrolysis probes are useful for the identifi-
cation of SNPs. A specific probe is designed to 
an allele of interest. A perfect match will allow 
for the release of the reporter dye, which is 
detected as fluorescence and any mismatch will 
not yield one at the end of the reaction. MGB 
probes are particularly useful for shorter probes 
due to the inherent stability of the minor groove-
binding property of the probe.

Molecular Beacon Probes
The molecular beacon probe method shares a 
similar design to the hydrolysis probes, except 
that the 5′ and 3′ terminal sequences of the 
probe are complimentary to one another (Fig. 
4.3c). As such, the fluorophore and quencher 

dyes are brought to close proximity during the 
unbound state, creating a loop secondary struc-
ture with a double-stranded terminal stem. 
During PCR amplification, the stem is melted, 
and the loop portion, which is complimentary 
to the target DNA, is allowed to anneal. This 
permits separation of the fluorophore and 
quencher and light emission. Another differ-
ence from the hydrolysis probe is that the DNA 
polymerase does not cleave the probe. It sim-
ply displaces it and makes it available for use 
in subsequent cycles.

SNPs and mutations can be detected after 
the PCR by performing melting curve analyses 
of the final PCR products. The melting point is 
the temperature at which 50 % of DNA is dena-
tured. Different dsDNA molecules melt at dif-
ferent temperatures, dependent upon a number 
of factors including GC content, amplicon 
length, secondary and tertiary structure. The 
sequence with mutation will have a different 
melting curve compared to the wild-type 
sequence (Fig. 4.4). To perform a melting 
curve, the final PCR product is exposed to an 
increasing temperature gradient while fluores-
cence readouts are continually collected. 
Temperature will cause denaturation of 
dsDNA. The point at which the dsDNA melts 
into ssDNA is observed as a drop in fluores-
cence as the dye dissociates. This can be dis-
played as distinct melting peaks by plotting the 
first negative derivative of the fluorescence as a 
function of temperature.

Single-Stranded Conformation 
Polymorphism Analysis

Single-stranded conformation polymorphism 
(SSCP) analysis is based on the differential 
rate of migration of ssDNA depending on its 
ability to fold into a specific secondary struc-
ture based on its sequence [24–26]. Wild-type 
and mutant DNA are amplified by PCR and 
denatured. The products are analyzed by elec-
trophoresis under  non- denaturing conditions in 
a polyacrylamide matrix. Mutations affect the 
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secondary structure and consequently the 
migration properties which can be visualized 
by radiography or ethidium bromide staining/
UV illumination. Mutant ssDNA bands will 
migrate to different positions compared to 
wild-type ssDNA. If a heterozygous mutation 

is present, both types of bands are generated. 
Current advancements in SSCP analysis allows 
for use with RNA samples, as RNA creates 
more stable conformations than ssDNA. One 
of the key advantages of this technique is its 
simplicity and sensitivity to screening for 
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Fig. 4.4 Melting curve analysis is useful to detect SNPs 
and mutations in the amplified target region. The final PCR 
product is exposed to a temperature gradient while fluores-
cence readouts are continually collected. This causes dena-
turation of dsDNA. The point at which the dsDNA melts 
into ssDNA is observed as a drop in fluorescence as the 
dye dissociates (upper). The melt curves are converted to 

distinct melting peaks by plotting the first negative deriva-
tive of the fluorescence as a function of temperature (−dF/
dT) (lower). In this example, we have three products: the 
black sample has the wild-type allele with a melting 
temperature of 68°, the blue sample has the mutant allele 
with a melting temperature of 56°, and the red sample is 
heterozygous with both the wild-type and mutant alleles
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mutations, with up to 70–90 % sensitivity in 
sequences less than 200 bases [27, 28].

It should be noted that SSCP is a screening 
tool, which needs sequencing for confirmation 
[15]. Another limitation of SSCP analysis is its 
sensitivity to temperature, ionic environment, 
and pH which affects conformation. Hence these
parameters must be tightly controlled during the 
process. SSCP is also less sensitive for G > C 
mutation detection. Contaminants such as excess 
primers or nonspecific PCR amplicons from low- 
fidelity reactions can bind ssDNA and alter its 
migration properties. The sensitivity of SSCP 
analysis decreases as fragment lengths increase 
beyond 200 bases, which can be improved by 
restriction enzyme digestion and multiplexing 
variably sized ssDNA fragments into one gel lane 
(a process known as restriction endonuclease fin-
gerprinting SSCP) [29].

Restriction Fragment Length 
Polymorphism Analysis

Restriction enzymes are bacterial enzymes 
capable of cleaving specific DNA sequences. 
Mutations, naturally occurring or user intro-
duced, may create a new restriction site or dis-
rupt one. The normal sequence can be 
differentiated from the mutation by the pattern 
of fragments following the restriction enzyme 
digestion, a process known as restriction map-
ping or restriction fragment length polymor-
phism (RFLP) analysis [30, 31].

RFLP analysis can be used to quickly charac-
terize mutations of PCR products [32, 33]. PCR 
amplicons with known and predicted restriction 
maps are digested with specific restriction 
enzymes. The digestion products are then ana-
lyzed by gel electrophoresis and compared to 
size controls. RFLP analysis can be used to 
detect restriction site polymorphisms and muta-
tions that are associated with the creation or 
destruction of restriction sites. The obliteration 
of a restriction site generates a longer DNA 
sequence, whereas the introduction of a restric-
tion site will produce two shorter DNA frag-
ments on gel electrophoresis.

Clinical Applications of PCR

The use of PCR techniques in molecular oncology 
has greatly expanded over the years, with a wide 
range of applications currently in use. Although 
PCR is a great technology that is widely used in 
molecular oncology due to its many advantages, it 
also has certain limitations, as outlined in Box 4.4. 
The ability of PCR to detect very small or even 
single-nucleotide mutations, as well as larger ones 
like deletions, rearrangements, or translocations, 
makes it a very economically feasible, easy, and 
rapid method for monitoring disease [34, 35]. The 
flexibility to quantify genomic material also makes 
PCR an ideal method for predicting the response 
to cancer treatments (example applications in [36, 
37]). Additionally, genetic determinations can 
assist in the selection of appropriate treatment for 
a particular individual, which has led to evolution 
of the field of “personalized medicine” [6]. For 
example, p53 mutations in breast cancer can be 
indicative of poor response to tamoxifen [38], 
while mutations in KRAS can indicate if a person 
will benefit from the cancer drug panitumumab 
[37]. The spectrum of PCR applications in molec-
ular oncology is outlined in Table 4.2.

Box 4.4 Advantages and Limitations of PCR 
Technology

Advantages
• High sensitivity (can be done on very

small amounts of DNA material)
• Fast
• Reasonable cost
• Can be automated
• Can be quantified

Disadvantages and Limitations 
• Specificity (mispriming can cause mis-

leading results)
• Easy contamination
• Not suitable for mutation analysis of 

large DNA fragments
• Limited ability to detect translocations 

and large deletions
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Table 4.2 Spectrum of application of PCR in molecular oncology

Application Example

1 Detection of DNA mutations, deletions/
insertions

BRCA1 and BRCA2 in breast/ovarian cancers [44]
MSH2 and MLH1 in colon carcinoma and polyps [45]
Rb1 mutations in retinoblastoma [46]
P53 mutations in soft tissue sarcoma [47]

2 Oncogene or tumor suppressor gene 
expression

Increased erbB2 expression in breast cancer: associated with poor 
prognosis [48]
Increased myc expression in lung cancer: associated with tumor 
progression and poor response to chemotherapy [49]

3 Single-nucleotide polymorphism analysis SNPs in the microRNA miR-143/145 can predict increased or 
decreased risk for colorectal cancer [50]

4 Methylation analysis Promoter methylation of E-cadherin results in reduced expression 
and aberrant nuclear localization in epithelial ovarian cancer [51]

5 Large-scale screening of mRNA expression PCR-based expression arrays
6 miRNA expression miR409-3p, miR-7, and miR93 panel can be used for early 

detection of colorectal cancer [52]
7 PCR-based miRNA global screening Identification of differentially expressed miRNAs in non-small 

cell lung cancer as biomarkers for early cancer detection [53]
8 Genotyping of somatic mutations JAK2 V617F in myeloproliferative disorders [54]

KRAS mutations in codons 12 and 13 for colon cancer [55]
BRAF V600E mutation in melanomas [56]

9 Detection of residual disease BCR-ABL1 copy number in chronic myelogenous leukemia 
treated with Gleevec [57]

10 Detection of chromosomal rearrangements T cell receptor gene and immunoglobulin heavy chain gene 
rearrangements, respectively, in T cell and B cell non-Hodgkin’s
lymphomas [58]

11 Amplification of microsatellite repeats Identification of microsatellite instability in mismatch repair 
genes in Lynch syndrome [59]

12 Quantification of viral load for cancer patient 
management

EBV load in posttransplant lymphoproliferative disorder patients 
can predict likelihood of disease development, and thus, proper 
amount of suppression can be controlled [60]

13 Tumor commonality assay Clonality detection in Hodgkin’s lymphoma [61]
14 Detection of chromosomal translocations 2;5 translocation in anaplastic large cell non- Hodgkin’s

lymphoma [62]
9;22 translocation in chronic myeloid leukemia [63]
11;22 translocation in Ewing’s sarcoma [64]

15 Loss of heterozygosity (LOH) for
investigation of clonality in tumors

LOH on chromosome 16 in lobular carcinoma of the breast [65]

16 Detection of infectious agents (viruses) 
causing neoplasms

Human papillomavirus associated with cervical cancer [66]
Epstein-Barr virus associated with Burkitt’s lymphoma [67]
Human herpesvirus 8 associated with Kaposi’s sarcoma [68]
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          Introduction 

 Human genomic DNA consists of three billion 
deoxyribonucleotide bases (A, C, G or T) distrib-
uted between 23 pairs of chromosomes, the pattern 
and sequence of which differs among individuals—
these variations are called polymorphisms. It is 
estimated that up to 0.1 % of the human genome is 
polymorphic. It is thus estimated that a polymor-
phism is present every 300 nucleotide base pairs. 
Recent improvements in DNA sequencing technol-
ogy (‘next generation’ sequencing platforms) have 
sharply reduced the cost of sequencing and allowed 
for large investigations into common genetic varia-
tions in the human population. The 1000 Genomes 
project [ 1 ,  2 ] is an international collaboration to 
sequence the genomes of a substantial number of 
people ( N  = 2,500) to provide a comprehensive 
resource on human genetic variations and their 
haplotype contexts. This project has identifi ed up 
to 50 % more novel genetic variants in comparison 
to the existing most comprehensive single nucleo-
tide polymorphism (SNP) database, HapMap [ 3 – 5 ], 
with an estimate of more than 5.9 million variant 
nucleotide positions in the human genome. The 
most common type of variation in the human 
genome is the SNP, representing approximately 90 % 

of all sequence variations [ 6 ] among other 
variations such as insertion, deletion, structural 
variations (copy number variations) and short tan-
dem repeats. SNPs are generally proposed to have 
originated as a result of copying errors of genetic 
material during the replication process and are 
inherited from generation to generation. SNPs are 
observed in coding (gene) and more frequently in 
the noncoding regions of the genome. Two-thirds 
of SNPs involve the replacement of cytosine (C) 
with thymine (T). Notably, a total of 68,300 non- 
synonymous SNPs were identifi ed through the 
1000 Genomes pilot project, 34,161 of which were 
found to be novel. A fraction of these variations 
have been associated with various diseases and 
assigned a biological role, while others have been 
proposed to be silent variations with no effect [ 2 ]. 

 SNPs are conventionally defi ned as common 
variations at a single nucleotide position in the 
genome such that the least common allele is pres-
ent in at least 1 % of a given population. However, 
some researchers distinguish between these 
‘polymorphic SNPs’ and ‘common SNPs’ with a 
minor allele frequency of at least 5 % in the pop-
ulation [ 7 – 10 ]. Inherited genetic variants can be 
further segregated into two categories: rare, high- 
risk genetic variants (mutations) and common, 
low-risk genetic variants. High-risk variants have 
a large relative risk and many of these have been 
identifi ed using family-based studies. 

 In the recent era, SNPs have been the major 
drivers of various disease-association studies, 
which test for a correlation between disease sta-
tus and genetic variation to identify candidate 
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genes or genomic regions that contribute to a 
specifi c disease. SNPs are the most widely used 
polymorphisms in association studies due to their 
mostly bi-allelic nature, low genotyping cost, 
ease of genotyping and due to the development of 
various statistical and bioinformatic tools for 
analysing the results of association studies 
involving SNPs [ 11 – 15 ]. The current chapter 
deals with these common low-risk variants detail-
ing their clinical utility mostly in genetic associa-
tion studies and the methods of SNP detection 
and genotyping.  

   Clinical Uses of SNPs and SNP 
Databases 

 Single SNPs but mainly a combination of SNPs 
on an array have been used classically in the 
research environment and recently shown to have 
many clinical applications. 

 Chromosome instability and copy number 
alterations (CNAs) including duplications, ampli-
fi cations and long contiguous stretches of homo-
zygosity (LCSH) are an important molecular 
signature in cancer initiation, development and 
progression and in many other diseases. When a 
deletion or other mutational event occurs within 
the normal allele at a particular locus (heterozy-
gous for a deleterious mutant allele and a normal 
allele) rendering the cell either hemizygous (one 
deleterious allele and one deleted allele) or 
homozygous for the deleterious allele, it is 
defi ned as LOH [ 16 ]. Chromosomal abnormali-
ties including LOH are further correlated with 
poor prognosis, disease classifi cation, risk strati-
fi cation and treatment selection. Recent SNP 
array studies have shown that solid tumours such 
as prostate, ovarian, breast, endometrial, gastric 
cancer and liver cancer show LOH, as do non- 
solid malignancies such as hematologic malig-
nancies [ 16 – 24 ]. Recently, the utility of SNPs has 
been extended to the clinical environment to pro-
vide detection of not only deletion and mosaics, 
chimerism and ploidy levels but also the copy- 
neutral LOH (also called uniparental disomy or 
gene conversion), where one allele or whole 
chromosome from a parent is missing. This prob-

lem leads to duplication of the other parental 
allele, which could be pathological. Mosaicism 
for structural and numerical chromosome abnor-
malities can be identifi ed by conventional analy-
sis; however, low level mosaics may go 
undetected by routine karyotyping. In addition, 
the culturing necessary for preparing metaphase 
chromosomes for karyotyping can alter the 
mosaic levels and lead to false negatives. For 
example, approximately 40–50 % of myelodys-
plastic syndrome patients do not have karyotypic 
abnormalities that are detectable using classical 
metaphase cytogenetic techniques. Microarray 
platforms that measure genomic DNA without 
the need for culturing offer a more accurate 
method of revealing the true mosaic state [ 25 – 28 ]. 
Previous studies involving dilution series of 
known chromosomal abnormalities using array 
comparative genomic hybridization (aCGH) plat-
forms have determined the lower limit of detec-
tion for mosaicism to be approximately 20 %, 
while SNP-based arrays, for example, Illumina’s 
Infi nium-based microarrays, can accurately 
detect mosaicism down to 5 % [ 26 ,  27 ,  29 ]. The 
reason Illumina’s SNP arrays offer increased 
detection sensitivity for low level mosaicism is 
due to the long 50-mer SNP probes, and at least 
15× replication of each SNP bead on the array, 
and empirical selection of probes for a better per-
formance. These arrays have limited ability to 
detect single-exon copy number variants (CNVs) 
due to the distribution of SNPs across the genome. 

 SNP array, combined with aCGH, is a useful 
technique allowing detection of CNAs and LOH 
including copy-neutral LOH together in a single 
experiment [ 30 – 34 ].   Bruno et al    . reported SNP 
array data performed on 5,000 clinical samples 
and were able to emphasize the clinical utility of 
SNP genotyping data for the investigation of 
individuals with intellectual disability, develop-
mental delay, abnormal growth, autism or con-
genital abnormalities [ 35 ]. In this study, 25 
clinically signifi cant aberrations were revealed 
by the SNP genotyping data alone. Their data 
suggests that the incidence of low level mosaics 
has previously been underestimated and that 
chromosome mosaics frequently occur in the 
absence of clinical features; thus, using the 
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SNP- based arrays can shed new insights into the 
disease. Van et al. recently developed ASCAT 
(allele-specifi c copy number analysis of tumours) 
suite of tools to analyse SNP array data to anal-
yse the complex data due to intratumour hetero-
geneity (  http://www.ifi .uio.no/forskning/grupper/
bioinf/Projects/ASCAT/    ). The ASCAT algorithm 
determines the fraction of nonaberrant cells and 
the tumour ploidy (the average number of DNA 
copies), and calculates an ASCAT profi le, which 
can be used to visualize both copy number aber-
rations and copy number-neutral events [ 36 ]. 
SNP genotyping is also especially suitable for 
use in the analysis of the genetic purity of model 
organisms such as the mouse and various cell 
lines used in laboratory settings [ 37 ]. 

 In addition, genetic association studies using 
SNPs have been at the forefront of identifying 
novel genetic biomarkers for a plethora of disor-
ders and for measuring the effi cacy of drug thera-
pies designed specifi cally for individuals 
(commonly known as pharmacogenomics). 
These studies have further identifi ed the novel 
disease-associated genes and pathways with 
potential to be future drug targets. The most com-
mon method used for association studies is case–
control analysis, apart from the family-based 
(mostly considered in trio samples of proband 
with mother and father) and sib-pair analysis. 
Genetic association studies have been mainly 
performed at a candidate gene level to date, but 
are increasingly being performed at the genome- 
wide level without an a priori hypothesis as 
detailed below. 

  Candidate gene association studies : Prior to 
2007, the candidate gene approach was the pre-
dominant method to explore inherited low-risk 
genetic variants. This approach is based on previ-
ous knowledge of the gene(s) of interest in the 
pathogenesis of the phenotype and involves the 
examination of a relatively small number of 
genetic variants (between 1 and 100 SNPs) [ 38 ]. 
This approach has led to the identifi cation of a 
number of alleles that may infl uence the risk of 
various cancers and immunological diseases [ 12 , 
 39 – 49 ]. Notwithstanding the advantages of can-
didate gene association studies, this method has 
been criticized at various levels due to non- 

replication of results. One of the major issues for 
non-replication of the results involves population 
stratifi cation. Population stratifi cation can easily 
be circumvented by considering a replication 
study using an independent and random cohort of 
test and control populations, which reduces the 
chance of occurrence of a similar admixture 
showing similar patterns of variations [ 50 ]. 

 Most of the candidate gene studies are pre-
sented with an ambiguity in results which makes 
it unclear if the results portray disease suscepti-
bility of a common variant, or are just due to cer-
tain ancestral differences existing by chance 
between the mixes of test or control populations. 
Further, many of the candidate gene association 
studies do not consider correction for multiple 
testing while reporting their results. The multiple 
comparisons issue can be addressed in two 
ways—fi rst, by computing Bonferroni adjust-
ments of the signifi cance criterion (alpha) accord-
ing to the number of genes/SNPs/haplotypes 
examined and second, by performing permuta-
tion analysis of the association with allelic varia-
tion in the associating haplotype block. Although 
some argue that candidate gene studies must still 
meet statistical criteria for genome-wide signifi -
cance, such a conservative threshold seems 
overly stringent, particularly in the context of a 
disorder with no (known) major gene effects. 

 Another reason for non-replication and identi-
fying a number of false positive fi ndings could 
involve systemic genotyping errors, lack of sta-
tistical power due to smaller samples and, also, in 
some cases false negative fi ndings (type II error) 
[ 51 ,  52 ]. False negative fi ndings can be attributed 
to under-evaluation of gene–gene interactions 
and gene–environment interactions [ 51 ], failing 
to include all causative polymorphisms in linkage 
disequilibrium (LD) [ 53 ], which is equally valid 
for the genome-wide association studies (GWAS). 

 Considering these aspects along with cumula-
tive effect of multiple loci, and also complex dis-
ease heterogeneity, a fi ne tuning of the candidate 
gene approach in the future has been highly rec-
ommended [ 52 ,  53 ]. 

  Genome - wide association studies : GWAS are the 
studies wherein research subjects are typed for a 
large number of genetic variants, typically between 
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300,000 and 1,500,000 polymorphisms, and the 
allele or genotype frequencies are evaluated for dif-
ferences between groups (e.g. disease versus non-
disease groups). The advantage of GWAS is that 
they allow for a wide search of genetic variants 
associated with disease, without having to specify a 
particular gene of interest. However, due to the mas-
sive number of joint statistical tests performed, 
there is a higher level of type-1 error. Therefore, sta-
tistical corrections for multiple hypotheses testing 
are essential and a  p  < 10 −7  has been proposed as an 
appropriate signifi cance level for evidence of a 
genome-wide association [ 54 ]. Because of this, 
large sample sizes are required for GWAS to ensure 
adequate statistical power to detect an association 
with small  p -values. 

 To reduce the cost of GWAS and the redun-
dancy in the information collected, an informative 
subset of the SNPs, termed tag SNPs, is geno-
typed in GWAS. Tag SNPs are selected by utiliz-
ing the correlation structure between the SNPs, 
referred to as linkage disequilibrium (LD). The 
non-random associations of alleles at different 
loci are called gametic phase disequilibrium or 
more simply linkage disequilibrium. The most 
widely recognized measure for LD is r 2 , where r is 
the correlation coeffi cient between two loci with 
alleles (A, a, B, b) in association [ 55 ]. Taking PA, 
Pa, PB and Pb as frequency of alleles at the two 
loci, r 2  = D2/(pApBpapb) where one measure of 
the magnitude of LD is  D  = PAB − PAPB. D is the 
measure of LD signifying the difference between 
frequency of distribution observed at a two locus 
haplotype and the frequency if the two alleles seg-
regate at random as expected [ 56 ]. 0.8 < r 2  < 1 
shows a strong LD. The international HapMap 
Project (  http://hapmap.ncbi.nlm.nih.gov/    ) took 
the initiative of genotyping sections of human 
populations worldwide to carry out a Haplotype 
Map, and accelerate the search for haplotypes and 
tag SNPs specifi cally to narrow down on statisti-
cally signifi cant, reviewed disease-associated loci, 
while understanding the patterns of genetic distri-
bution in humans [ 5 ]; and currently provides this 
data to refi ne further GWAS results and analysis. 
Most recently the 1000 Genomes project (  http://
www.1000genomes.org/    ), which aims to use 
‘next-gen’ sequencing techniques to characterize 

common and low- frequency variants in a large 
and ethnically diverse population sets, is produc-
ing a better genetic map to be utilized in SNP 
selection processes [ 57 ]. 

 The intrinsic design of the GWAS is such that 
the signifi cantly associated SNPs are seldom those 
that are causally linked to the phenotype, and are 
instead in LD with a functionally important variant. 
Identifi cation of the causal variant is important to 
understand the molecular mechanisms underlying 
the pathogenesis of disease. Consequently, addi-
tional intensive studies are required to complement 
GWAS to identify disease- causing alleles, such as 
fi ne-mapping and imputation studies. These 
involve examining the association of all known 
common sequence variants in the vicinity of the 
GWAS-identifi ed SNP with the disease of interest. 
Appropriate common sequence variants may be 
identifi ed by accessing SNP databases, using 
sequencing data from the 1000 Genomes project, 
or by performing re- sequencing studies of the 
region of interest. Another method to refi ne GWAS 
signals and identify causal SNPs is to perform 
imputation. Genotype imputation is the process of 
predicting (or imputing) genotypes for known vari-
ants that are not directly assayed in a sample of 
individuals. These non-genotyped variants can 
then be tested for association with the trait. 
Imputation involves the comparison of study sam-
ples genotyped for a relatively large number of 
genetic markers (100,000–1,000,000 SNPs) to a 
reference panel of haplotypes derived from a num-
ber of individuals genotyped at all markers of inter-
est [ 58 ]. To date, the HapMap database has typically 
served as this reference panel, with Phase II of this 
project including over 3.1 million SNPs genotyped 
on four panels of individuals [ 10 ], but other refer-
ence panels such as the 1000 Genomes project can 
also be used (  http://www.1000genomes.org    ). 

 Since the advent of GWAS technology, highly 
statistically signifi cant and robust associations 
with SNPs in over 230 diseases and traits have 
been successfully identifi ed [ 59 ]. The National 
Human Genome Research Institute (NHGRI) 
maintains a catalogue of published GWAS that can 
be accessed at   http://www.genome.gov/gwastud-
ies/    . As of 08/01/13, the catalogue includes 1,664 
publications and 11,039 SNPs (Fig.  5.1 ).
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   Many of these SNPs are now part of the mul-
tiplex platforms starting to be used in the predic-
tive and pre-symptomatic testing for many 
disease/trait-related, including certain cancers 
and pharmacogenetic tests, as well as for oph-
thalmologic, cardiac, renal and neurological dis-
orders (among others). Several commercial 
companies now provide versions of clinical 
genotyping services to consumers, such as the 
Personal Genome Service from 23andMe (  https://
www.23andme.com/    ), Pathway Genomics 
(  https://www.pathway.com/    ) and Navigenics 
(  https://www.navigenics.com/    ), to name but a 
few. Although these SNP-based tests are easy to 
conduct and can easily be used in a clinical envi-
ronment, the result output is probabilistic in 
nature rather than deterministic. For example, a 
single common SNP can predict an individual’s 
risk of having a disease up to 1.5-fold. However, 
the combination of many SNPs has been proven 
useful especially when analysed in a high-risk 
group, e.g. individuals with family history. As the 

study of human genomics transitions into the 
next generation, our ability to identify genetic 
variants associated with complex traits and dis-
eases will advance dramatically, due in large part 
to anticipated improvements in genotyping array 
technology and greater access to low-cost 
sequencing.  

   SNP Detection and Genotyping: 
Various Platforms 

 SNPs were originally used to be computation-
ally detected by overlapping the sequences of 
various clones harbouring the genomic DNA. 
Shotgun sequencing and Sanger sequencing 
then took over as the common methods of SNP 
detection in larger populations to determine 
their allelic frequencies (Table  5.1 ). In the era 
of next generation sequencing (NGS), most of 
the SNPs in humans have been detected by 
sequencing and aligning the genomic DNAs 

  Fig. 5.1    Published Genome-Wide Associations through 
12/2012 at  p  ≤ 5 × 10 −8  for 17 trait categories (Hindorff 
LA, MacArthur J (European Bioinformatics Institute), 
Morales J (European Bioinformatics Institute), Junkins 

HA, Hall PN, Klemm AK, and Manolio TA. A Catalog of 
Published Genome-Wide Association Studies. Available 
at:   http://www.genome.gov/gwastudies    . Accessed on 
15/08/2013)       
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from various human populations and have 
been submitted to various databases. These 
SNPs can be further genotyped in various pop-
ulations or disease conditions to answer a spe-
cific research question. The extent and number 
of SNPs to be analysed determines the method 
of genotyping and the downstream statistical 
analysis. The SNP genotyping methods can be 
segregated into low, mid and high- throughput 
techniques according to the number of SNP 
genotypes that can be determined per reaction 
and sample. A combination of these methods 
has been further successful in genotyping 
large numbers of SNPs.

     Low-Throughput Methods 

 Single SNP genotyping assays were performed 
classically and have a long history. Many meth-
ods based on polymerase chain reaction (PCR), 
enzyme-based and other approaches were used. 
Although these techniques are considered to be 
traditional methods and less used, they still are 
valuable and economical in small laboratories for 
a low-throughput genotyping and don’t require 
sophisticated and expensive equipment. Some of 
these include the following. 

  Restriction fragment length polymorphisms  
( RFLP ): Alteration in restriction sites in the 
genome in the presence of alternative alleles was 
used in the fi rst attempts to identify SNPs in the 
human genome [ 60 ]. The technique utilizes dis-
tinct classes of enzymes to cleave DNA by recog-
nition of a specifi c sequence and structure. DNA 
samples subjected to restriction digestion are then 
separated and transferred onto nylon membranes. 
These Southern blots are then probed with a 
labelled DNA probe to identify variations in the 
restriction fragment lengths. Alternatively, PCR 
can be conducted to amplify the region of interest, 
which after digestion with a suitable endonuclease 
can be separated by gel electrophoresis and stained 
using DNA intercalating dyes. The requirement 
for a specifi c endonuclease to identify the exact 
SNP and the slow nature of the gel assays make 
RFLP a poor choice for high- throughput analysis. 

  Pyrosequencing  ( PSQ ): PSQ is a robust quantita-
tive sequencing-by-synthesis method for deter-
mining an SNP genotype and can also be used for 
mutation screening, methylation analysis and 
viral/bacterial DNA typing [ 61 ]. Compared to 
other SNP genotyping methods, PSQ can also 
display the 50–100 bp sequence next to the SNP 
and help in evaluating other variations—such as 
bi-, tri- and tetra-allelic SNPs, insertions/dele-
tions and point mutations, as well as quality of 
the PSQ template. About four to fi ve closely 
located SNPs can be analysed in one reaction and 
up to 96 SNPs can be run on one plate within 1 h. 
The assay is based on detecting the real-time 
pyrophosphate (PPi) release during synthesis of 
the complementary strand to a PCR product [ 62 ]. 
The three primers used for the synthesis of the 
complementary PCR product are designed using 
PSQ™ Assay Design software to amplify a 100–
200 bp DNA sequence surrounding the SNP. One 
of the primers is biotinylated at the 5′ end to 
allow capture of a single strand of PCR as tem-
plate for the PSQ reaction. The sequencing 
primer is designed complementary to the PSQ 
template with its 3′ end annealing next to, or few 
bases upstream of, the SNP. This sequencing 
primer hybridizes to a single-stranded DNA 
(ssDNA) biotin-labelled template and mixed with 
the enzymes—DNA polymerase, ATP sulfury-
lase, luciferase and apyrase. Cycles of four 
dNTPs are separately added to the reaction mix-
ture iteratively. The cycle starts with a polymer-
ization reaction in which PPi is released as a 
result of nucleotide incorporation followed by 
release of inorganic pyrophosphate (PPi) in a 
quantity equimolar to the amount of incorporated 
nucleotide. The released PPi is converted to ATP 
by ATP sulfurylase in the presence of adenosine 
5′ phosphate (APS). The generated ATP drives 
the luciferase-mediated conversion of luciferin to 
oxyluciferin producing light proportional to the 
amount of ATPs present (Fig.  5.2 ).

   The light is captured by a charge-coupled 
device (CCD) camera or photomultiplier. The 
 pyrogram ™ can be converted automatically into 
a nucleotide sequence by dedicated software. 
However, a very low DNA concentration may 
generate peak heights close to the noise level; 
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compilation of signals from Multiple Amplicon 
Sample (MAS—a sample with multiple target 
amplicons) by  pyrogram ™ and its inability to 
distinguish each amplicon-specifi c signal can 
lead to the interpretation of incorrect nucleotides. 
MAS signals are usually generated in numerous 
diagnostic applications by using multiplex pyro-
sequencing where several primers are simultane-
ously used. This can lead to overlapping of 
primer-specifi c pyrosequencing signals so 
recently mPSQed, MultiPSQ assays [ 63 ,  64 ] and 
virtual pyrogram generator (Pyromaker) [ 65 ] 

software were developed to aid researchers in 
analysing multiplex pyrosequencing. These tech-
niques have some drawbacks such as the require-
ment for a built-in formula, which is mutation 
specifi c and is not universal for all SNPs. 
Therefore, a novel approach based on reconstruc-
tion of sparse signal using a small number of 
measurements also known as Single Amplicon 
Sample (SAS) was developed called AdvISER- 
PYRO. This technique can convert SAS into cor-
rect single sequence and translate MAS signals 
into the correct sequence pair compared to the 
pyrosequencing software. The software can be 
implemented in an R package and used in broad 
range of clinical applications in heterogenous 
tumour cell samples [ 66 ]. This traditional 
sequencing method is not considered to be pow-
erful enough for standard sequencing needs 
because of the short read-lengths it generates to 
detect SNPs. 

  ARMS - PCR : Allele-specifi c PCR-based meth-
ods offer inexpensive, fl exible SNP genotyping 
methods with a reasonable throughput. Among 
the many PCR methods, tetra-primer amplifi ca-
tion refractory mutation system PCR (T-ARMS- 
PCR) employs a combination of two 
allele-specifi c inner primers in a single PCR fol-
lowed by electrophoresis separation [ 67 ]. The 
primers are designed such that the two allele- 
specifi c primers overlap at an SNP location but 
each matches perfectly to one of the possible 
SNP alleles. A PCR product will be obtained 
only if the given allele is present in the genomic 
DNA. The PCR products are of varying lengths 
allowing for easy discrimination by gel electro-
phoresis. For the fi rst time, six SNPs in a single 
reaction using T-ARMS-PCR were developed 
recently and have been used to genotype 186 
samples of breast cancer and cervical cancer 
patients. The results obtained were 100 % con-
sistent with direct sequencing and have demon-
strated their application for screening of multiple 
SNPs [ 68 ]. An advancement of the PCR-based 
methods includes chimeric-primer-based multi-
plex PCR which adds a universal 5′-tag to the 
sequence-specifi c primers for identifying multi-
ple targets in a single reaction to improve 

DNA Polymerase

3’
G

5’

5’

3’

dCTP

dCTP APS +

PPi

ATP

ATP

Light

Time

Sulfurylase

Luciferase

Apyrase

  Fig. 5.2    Principle of pyrosequencing. Sequencing primer 
hybridizes to the single-stranded, amplifi ed DNA tem-
plate and incubated with enzymes DNA polymerase, ATP 
sulfurylase, luciferase and apyrase. Cycles of four dNTPs 
are separately added to the reaction mixture iteratively. 
DNA polymerase catalyses the incorporation of the nucle-
otide complementary to the template DNA ( C ). The incor-
poration of the nucleotide is accompanied by the release 
of the inorganic pyrophosphate (PPi) in a quantity equi-
molar to the amount of incorporated nucleotide. The 
released PPi is converted to ATP by ATP sulfurylase in the 
presence of adenosine 5′ phosphate (APS). The generated 
ATP drives the luciferase-mediated conversion of lucif-
erin to oxyluciferin producing light proportional to the 
amount of ATPs present. The light is captured and moni-
tored by a camera. The height of each peak is proportional 
to the number of incorporated nucleotides. Apyrase, a 
nucleotide degrading enzyme, degrades ATP and unincor-
porated dNTPs. This turns off the light generation and the 
next dNTP is then added       
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throughput and effi ciency of PCRs [ 69 ]. However, 
improved detection of a large number of SNPs is 
still not possible given the limitations of the sub-
sequent gel electrophoresis separation. 

  Invader Assay : The thermostable fl ap endonucle-
ase (FEN) isolated from Archea catalyses struc-
ture-specifi c cleavage and is highly sensitive to 
sequence mismatches and thus can be used for 
sensitive detection of SNPs which is the basis of 
the Invader assay. This technique uses oligonucle-
otide probes hybridized to target DNA containing 
a polymorphic site, an allele-specifi c primary 
probe and an Invader ®  probe. The Invader ®  oligo is 
complementary to the target sequence 3′ of the 
polymorphic site and ends with a non-matching 
base overlapping the SNP nucleotide. The allele-
specifi c primary probe contains the complemen-
tary base of the SNP allele and extends to the 
sequence 5′ of the polymorphic site. Once the two 
nucleotides are annealed to the target DNA, a 
three-dimensional invader structure over the SNP 
site is formed that can be recognized by the cleav-
ase, an FEN enzyme. The enzyme cleaves the 

probe 3′ of the base complementary to the SNP 
site. If probes are designed as a fl uorescence reso-
nance energy transfer (FRET) molecule contain-
ing a fl uorophore at the 5′ end as an internal 
quencher molecule, the cleavage reaction sepa-
rates the fl uorophore from the quencher and gener-
ates a fl uorescent signal (Fig.  5.3 ) and, employing 
data analysis tools, allows effi cient automated 
computational assessment of genotypes [ 70 ]. If 
the probe does not match the SNP allele in the tar-
get DNA no invader structure is formed and the 
probe is not cleaved. This signal amplifi cation can 
also be used to quantify DNA targets, from both 
PCR product and genomic DNA, as well as mRNA 
targets for gene expression monitoring [ 71 ]. An 
improved version, to address the diffi culties with 
the initial Invader ®  assay by reducing the long 
incubation times (3–4 h) and large amounts of 
genomic DNA required, is the biplex SISAR 
(serial invasive signal amplifi cation reaction) 
Invader ®  assay. This assay is similar to the initial 
Invader ®  assay until the initial reaction format, but 
results in two separate distinct fl uorescent signals 
for the two SNP alleles.

F1

site of cleavage

Probe 1 Probe 2
3’

3’

3’

5’
5’

5’

5’
5’

5’
3’

Invader oligo Invader oligo

Target DNA containing Allele 1 Target DNA containing Allele 1

No cleavage

g  t  c  T g c ag t c T g c a
c  a  g  Nc a g N

A c g t
c

c g t

Q

F1
F1

Q

  Fig. 5.3    Allele-specifi c cleavage in an Invader assay by 
FENs. Hybridization of the Invader oligo and the probe to 
the complementary oligo (shown on  left ) generates a three-
dimensional invader structure over the SNP site that can be 
recognized by the cleavase, an FEN enzyme. The enzyme 
cleaves the probe 3′ of the base complementary to the SNP 
site. If probes are designed as a fl uorescence resonance 
energy transfer (FRET) molecule containing a fl uorophore 

at the 5′ end as an internal quencher molecule, the cleav-
age reaction separates the fl uorophore from the quencher 
and generates a fl uorescent signal and, employing data 
analysis tools, allows effi cient automated computational 
assessment of genotypes. If the probe does not match the 
SNP allele in the target DNA (shown on  right ) no invader 
structure is formed and the probe is not cleaved (fi gure 
reproduced from Olivier et al. [ 72 ])       
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   While these assays allow highly specifi c SNP 
genotyping, it requires a large amount of target 
molecules to generate a detectable fl uorescent 
signal and requires initial PCR amplifi cation of 
the target region followed by the Invader reaction. 
In addition, the assay requires two separate allele-
specifi c probes labelled with a fl uorophore and a 
quencher molecule. Hence the assay is considered 
to be relatively expensive making it unsuitable for 
large-scale genotyping techniques [ 72 ]. 

  Single strand conformation polymorphism  ( SSCP ): 
SSCP stands out as a fast and easy detection 
method of SNPs by detecting the alleles by altered 
mobility of single-stranded conformation. The 
gene of interest is amplifi ed by PCR and then 
denatured using heat and formamide to produce 
ssDNA [ 73 ]. The fragments are then separated by 
denaturing electrophoresis during which the 
ssDNA folds into a nucleotide sequence- dependent 
conformation, which determines its mobility in the 
gel [ 74 ]. Recently this assay was used for identify-
ing  SOD1  and  SOD2  gene polymorphisms in gas-
tric cancer patients [ 75 ]. On the negative side, the 
size of the PCR products signifi cantly affects sensi-
tivity of the assay and can generate false positive 
results. Therefore, the assay needs empirical opti-
mization of assay conditions, as it is not possible to 
predict the electrophoretic patterns expected during 
SSCP analysis [ 76 ]. 

  Heteroduplex analysis  ( HA ): HA depends on the 
conformation of duplex DNA resolved on a native 
gel. The PCR-amplifi ed DNA with strands har-
bouring single-base pair mismatch may form het-
eroduplexes [ 77 ] and retards its mobility during 
electrophoresis compared to homoduplexes [ 73 ]. 
However the separation of heteroduplexes from 
homoduplexes varies with nucleotide base. For 
example, G:G/C:C mismatches can be more easily 
identifi ed than A:A/T:T mismatches [ 78 ]. HA has a 
detection rate similar to SSCP and requires empiri-
cal optimization. In many cases SSCP and HA are 
combined to increase detection sensitivity. 

  Denaturing high - performance liquid chromatog-
raphy  ( DHPLC ): DHPLC uses heteroduplex for-
mation between wild-type and the polymorphic 
DNA strands to identify SNPs. While SSCP and 

HA employ ssDNA, DHPLC utilizes dsDNA. 
Heteroduplexes are separated from homodu-
plexes by ion-pair, reverse-phase liquid chroma-
tography on a special matrix with partial heat 
denaturation of DNA strands [ 79 ]. Under partial 
denaturing conditions, the heteroduplexes have 
lower affi nity to the column than homoduplexes 
and are easier to elute. DHPLC is more effi cient 
than conventional DNA sequencing methods, as 
the interpretation of the generated data by 
DHPLC is less subjective and labour-intensive. 
Also, it is more cost-effective to perform DNA 
sequencing just to confi rm and analyse the SNPs 
initially detected by DHPLC. The sensitivity of 
the DHPLC is 100 % and can be used to analyse 
up to 200 samples a day [ 80 ]. 

  Oligonucleotide ligation assay  ( OLA ): This 
assay is based on the joining of two adjacent oli-
gonucleotide probes (Capture and Reporter 
Oligos) using a DNA ligase while they are 
annealed to a complementary PCR product con-
taining the SNP. The capture probes can be 
labelled (biotin, fl uorescence or radioactive 
label) in a genotype-specifi c manner, and there-
fore for each allele there are two capture probes. 
These probes differ only at the last base at the 3′ 
end. The unlabelled reporter probe is a common 
probe complementary to the target DNA 
sequence immediately downstream (3′) of the 
SNP site and harbours a phosphate at the 5′ end. 
Allele discrimination is based on the specifi city 
of the ligase to join perfectly matched probes; a 
3′ mismatch in the capture probe prevents liga-
tion. The ligated and unligated products can 
then be detected by gel electrophoresis, matrix-
assisted laser desorption/ionization time-of-
fl ight mass spectrometry (MALDI-TOF MS) 
and capillary electrophoresis. Colorimetric-
based detection techniques using microtiter 
plates which utilize the principle of enzyme-
linked immunosorbent assay (ELISA) for detec-
tion of wild-type and variant alleles in two 
different ligation reactions were earlier per-
formed. As the sample throughput with detec-
tion in microplates is limited and is more 
suitable for smaller sample sizes, employing 
fl ow cytometers that can detect microspheres 
increases the throughput. The common probes 
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are labelled with fl uorescein at the 3′-end and 
have a unique 5′ end with a tail that can hybrid-
ize to capture probes. Capture probes can be 
identifi ed individually by their fl uorescence and 
therefore can be used for the detection of alleles 
[ 81 ]. Ligation reactions performed on a biosen-
sor chip surface into which the allele-specifi c 
probes are covalently attached have raised the 
OLA assay’s throughput to a higher level [ 82 ] to 
detect several hundreds of SNPs on one single 
chip. FRET is detected when the oligonucle-
otide probes labelled with a donor dye 
(5′-Carboxyfl uorescein) are in close proximity 
to the other probe labelled with acceptor dye 
(Rhodamine dyes—ROX and TAMARA). 
FRET was also utilized in the rolling circle 
amplifi cation method, where only one probe 
containing an allele-specifi c sequence at one 
end and the unlabelled common sequence at the 
other is used for detection of each allele. Probe 
sequences of 80 nucleotides are designed so as 
to bring the 5′- and 3′-ends next to each other 
when they hybridize to the target sequence gen-
erating a closed loop or padlock probe. Primers 
annealing to this circle (Fig.  5.4 ) can be extended 

with a strand-displacing DNA polymerase, so 
that when the nascent strand completes the 
circle and encounters itself, it is continually dis-
placed generating a long concatemer that is easy 
to detect using fl uorescent methods [ 83 ].

    SNP detection using oligonucleotide hybridiza-
tion probes : Screening of SNPs in homogenous 
assays using PCR can be performed by using 
hybridization probes such as molecular beacons. 
These are single-stranded probes with a specifi c 
hairpin (stem-and-loop) conformation and 
undergo a conformational reorganization when 
bound to a perfect complementary sequence [ 84 ]. 
The loop is complementary to a predetermined 
sequence of the target DNA sequence and the 
stem is formed by annealing of arm sequences, 
complementary to each other, on either side of 
the probe sequence. One arm is linked to a fl uo-
rescent moiety and the other arm is bound to a 
quencher. The complementarity of the stem 
sequences keep the two moieties in close proxim-
ity and therefore the emission spectrum of the 
fl uorophore need not be matched to the quencher. 
This provides the researcher the choice of many 

  Fig. 5.4    Rolling circle amplifi cation and FRET. A circular 
probe formed in the ligation serves as a target in the ampli-
fi cation. The fi rst primer (orange spiral ~) hybridizes to the 
circularized probe and initiates the amplifi cation ( a ). While 
strand-displacing DNA polymerase elongates the primer, a 
single-stranded concatamer of the ligated probe is formed. 
The second primer, small hairpin structure containing a 
complementary sequence for the amplifi cation product and 

a hairpin structure, in which there is a fl uorescent dye in 
both ends, hybridizes to each tandem repeat of the original 
probe ( b ). When the hairpin structure is present FRET is 
detected due to the close proximity of two fl uorescent dyes. 
However, during the elongation of the second primer, a new 
recognition site for the fi rst primer is exposed. While this 
primer is elongated, the hairpin loop is opened and only the 
fl uorescence of the donor is detected in the reaction ( c )       
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available fl uorophores. Perfect complementary 
hybrids can be distinguished from mismatched 
targets by their higher fl uorescence at a given 
temperature. The presence of hairpin stem 
enhances the specifi city of molecular beacons to 
their complementary targets compared to the lin-
ear probes such as TaqMan probes [ 84 ]. Spectral 
genotyping can be performed by SNP detection 
with templates of various origins using up to four 
colours for molecular beacons [ 85 ]. Due to their 
high target specifi city these oligonucleotide 
hybridization probes have wider applications 
besides being used in SNP detection such as 
quantifi cation of RNA transcripts and as probes 
on microarrays [ 86 ]. 

  5 ′- Nuclease assays : The PCR-based assays 
described above involve specifi c amplifi cation of 
the mutant or the polymorphic allele using PCR 
(ARMS) or utilize fl uorogenic changes of 
reporter molecules based on the presence of the 
specifi c allele (Invader assay). These assays have 
limited sensitivity, multiple time-consuming 
steps and are not amenable for rapid throughput 
for a large sample size. With the rapid progres-
sion of fl uorescent-based technologies, using a 
fl uorogenic 5′ nuclease PCR more high- 
throughput and precise assays have emerged (e.g. 
TaqMan ®  assay). The probes consist of an oligo-
nucleotide labelled with a reporter dye linked at 
the 5′-end and a non-fl uorescent quencher at the 
3′-end of the probe. When the probe is intact, 
the quencher suppresses the fl uorescence of the 
reporter. During PCR, the probe anneals to its 
specifi c complementary sequence. Cleavage lib-
erates the reporter dye, resulting in increased 
fl uorescence at every PCR cycle, and occurs only 
when the complementary sequence to the probe 
is amplifi ed. For allelic discrimination of bi- 
allelic systems, probes specifi c to each allele are 
differently labelled with fl uorescent reporter dyes 
(e.g. FAM, VIC) and both are added in the PCR 
[ 87 ]. Low fl uorescence refl ects low effi ciency 
and mismatches between probe and target, and a 
high fl uorescence is observed for heterozygotes 
(Fig.  5.5 ). Thus labelled probes are designed to 
hybridize to a specifi c SNP allele, with a different 
5′ fl uorophore colour for each allele. As a specifi c 
colour or both colours light up during amplifi cation, 

the genotype at a particular SNP can be easily 
determined. The TaqMan assay is hence a single-
plex reaction, also termed ‘one tube, one SNP 
reaction’ although it can be multiplexed to three 
or four SNPs per reaction with additional fl uores-
cent colours. TaqMan assays have been com-
monly used for post-GWAS to study a small 
number of SNPs in validation assays. For exam-
ple, a panel of 31 SNPs from previous GWAS 
were genotyped by TaqMan assay in 2,230 pros-
tate cancer cases of Ashkenazic descent and were 
able to identify 4 SNPs to be associated with 
aggressive prostate cancer [ 88 ].

      Mid-High-Throughput Genotyping 
Techniques 

  Primer extension / single-base extension  ( SBE ): 
The primer extension technique allows hybrid-
ization of a probe to the bases immediately 
upstream of the SNP nucleotide followed by a 
mini-sequencing reaction, in which a DNA poly-
merase extends the hybridized primer by adding 
a single nucleotide at the position of the SNP. 
Many approaches are available for primer exten-
sion product analysis and many of these monitor 
the differences in physical properties between 
starting reagents and primer extension products. 
Primer extension assays utilize either a common 
primer for detecting either alleles or specifi c 
primers to detect each allele. The former is pre-
dominantly used: an example is the common 
primer (CPE) reaction in which a primer is 
annealed to the 3′ end adjacent to an SNP site and 
extended by DNA polymerase. The identity of 
the extended base is determined by either fl uores-
cence or mass to reveal the SNP genotype. Many 
commercial systems such as MassEXTEND™ 
and PinPoint assay utilize CPE methods that use 
MALDI-TOF MS for allele discrimination. 

 On a similar principle, Sequenom’s iPLEX 
SNP genotyping method uses MassARRAY MS 
in which a locus-specifi c PCR takes place, fol-
lowed by locus-specifi c primer extension reac-
tion (iPLEX assay). In the fi rst step the primer 
anneals upstream of the polymorphic site being 
genotyped and in the iPLEX assay, the primer 
and amplifi ed target DNA are incubated with 
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mass-modifi ed nucleotides (difference in mass 
for each nucleotide by at least 12 Da). The 
MALDI-TOF MS determines the mass of the 
extended primer. The primer’s mass indicates 
the sequence and, therefore, the allele present 
at the polymorphic site. The Sequenom software 
(SpectroTYPER) automatically translates the 
mass of the observed primers into a genotype for 
each reaction (Fig.  5.6 ). A typical iPLEX Gold 
assay can run a 36-plex format and would offer 

the best choice for second-tier applications as 
validating hits after (fi rst-tier) GWAS. This is 
because the arrays are too expensive to run on a 
large number of samples whereas singleplex 
assays like TaqMan are too cumbersome to use 
for many SNPs.

   CPE approaches using fl uorescence-based 
detection involve single base extension (SBE) of 
a primer with fl uorescently labelled dideoxynu-
cleotides (ddNTPs). This leads to the generation 
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  Fig. 5.5    5′ Nuclease assay. Two probes are used for SNP 
identifi cation. Each probe is labelled with two dyes, a 
fl uorescent reporter (R) specifi c to the allele and a fl uores-
cent quencher (Q). A reporter dye is quenched by the 
quencher when bound to the probe. During polymeriza-

tion, the matching probe hybridizes to the target, and 
DNA polymerase cleaves the reporter dye during exten-
sion. The non-matching probe does not bind well and no 
cleavage is observed. After cleavage, the reporter fl uo-
resces and helps in discriminating the SNP allele       
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of fl uorescently labelled extension products that 
are detected by capillary electrophoresis and 
used for genotype determination [ 89 ]. A differ-
ent approach uses tagged primers in a homoge-
nous reaction followed by capture of extension 
products on a solid support using an array of 
complementary tags. The array is then washed 
and scanned for a fl uorescent signal to determine 
the genotype for each SNP. SNPstream™ assay 
uses this approach for SBE of 12 tagged primers 
in each well of a 384-well plate to achieve geno-
typing throughput [ 90 ]. Specifi c primer exten-
sion (SPE) employs two allele-specifi c primers 
that are identical except for a mismatch at their 
3′ end. The extension of these primers is possi-
ble only if the 3′ end is complementary to the 
SNP, allowing allele- specifi c discrimination. 

Allele-specifi c primer extension (ASPE) uses 
extension of allele- specifi c primers with a PCR-
amplifi ed template, and the extended products 
are analysed by fl uorescence to determine the 
SNP genotype [ 91 ]. 

 Another important technique utilizing this 
primer extension principle is SNaPshot genotyp-
ing (Applied Biosystems) technique. SNaPshot 
incorporates PCR multiplexing for about 10 SNPs 
and each DNA sample is PCR-amplifi ed and sub-
jected to a symmetric PCR where each primer is 
annealed to target DNA either directly upstream or 
downstream to the SNP site. The primer is then 
extended by DNA polymerase by just one fl uores-
cent-labelled di-deoxynucleotide (four nucleotides 
labelled with four different fl uorescent dyes, each 
emitting fl uorescence of varying wavelength) [ 92 ]. 

  Fig. 5.6    Overview of the iPLEX assay. PCR primers 
designed to amplify ~100 bp region surrounding SNP of 
interest anneal to the target genomic DNA and make 
amplifi ed copies in the fi rst PCR step. The unincorporated 
nucleotides are dephosphorylated by Shrimp Alkaline 
Phosphatase (SAP) by cleaving the phosphate groups 
from the 5′ termini. Extension primers are designed 
immediately adjacent to the SNP which is extended by 

just one mass-modifi ed nucleotide in the iPLEX assay. 
Resin incubation helps in removal of the salts that might 
result in background noise. The samples are spotted onto 
a SpectroCHIP and placed into the mass spectrometer and 
each spot is shot with a laser under vacuum by the MALDI 
method. MALDI-TOF mass spectrometry helps to deter-
mine the mass of the extended primer and the primer’s 
mass indicates the nucleotide incorporated       
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The extended product which is the initial probe 
plus one fl uorescent base is then analysed by gel 
electrophoresis and genotypes are determined by 
the colour and location of the peak that is gener-
ated from the emitted fl uorescence. Data can then 
be analysed with the ABI GeneScan™ or 
GeneMapper™ (Applied Biosystems, Foster City, 
CA) software using size standards for verifi cation 
of the peaks (Fig.  5.7 ). Accuracy of genotyping 
depends on the primer design, DNA template puri-
fi cation and failure to remove unincorporated 
ddNTPs which can lead to extraneous fl uores-
cence. SNaPshot has increased sensitivity (~10 %) 
compared with standard sequencing, allowing 
detection of a single- base pair difference in each 
test tube. A study comparing the performance of 
SNaPshot and Sequenom has found that the 
SNaPshot platform was useful to narrow down the 
mutations for highly prevalent genetic abnormali-
ties in non- small lung cancer patients compared to 
Sequenom [ 93 ].

   A separation-free technique based on SBE 
which utilizes two-photon fl uorescence excita-
tion technology, known as ArcDia™ TPX tech-
nology, to identify SNPs was introduced in 
2004. In this method, template-directed SBE is 
carried out for primers immobilized on mic-
roparticles. Depending on the template DNA 
sequence, the primers are extended with either a 
labelled or unlabelled nucleotide. The genotype 
is then determined by the two-photon-excited 
fl uorescence of individual microparticles. The 
reliability and sensitivity of this assay as evalu-
ated by a statistical tool—‘Z’-factor’, a dimen-
sionless simple statistical characteristic which 
accounts for both the signal response and the 
signal viability of a screening assay—suggested 
it to be comparable to the SNaPshot™ method 
[ 94 ]. This assay enables sensitive, separation-
free and cost- effective genotyping with low to 
medium sample throughput yielding ±0.5 bp 
standard deviation up to 105 bp (Applied 

  Fig. 5.7    SNaPshot technique principle. The primer 
anneals to the target sequence immediately upstream of 
the SNP site and is extended by just one base ( C ) in the 

presence of four fl uorescently labelled dNTPs. Each fl uo-
rescent dNTP emits a different wavelength and is trans-
lated into a specifi c colour for each base       
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Biosystems). The limitations include the need 
for sample pre- amplifi cation and long detection 
time per sample. 

 Both SNaPShot and Sequenom panels are 
widely used in the cancer research community 
and show promise for clinical use [ 95 ]. It is note-
worthy that these genomic tests only detect the 
expression of known variants and oncogenes and 
do not have the ability to discover new or addi-
tional drug targets [ 93 ]. 

  Nanofl uidics technique : Recent advances in nanofl u-
idics utilize integrated fl uidic circuits (IFCs) for 
high-throughput real-time PCR [ 96 ]. Nanoliter-scale 
of samples and reagents are channelled into thou-
sands of nanoliter-scale chambers in which distinct 
real-time PCRs can be run. Recently, Fluidigm 
(South San Francisco, CA) introduced a nanofl uidic 
chip, the Dynamic array chip, compatible with exist-
ing TaqMan genotyping assays [ 92 ]. Fluidigm was 
originally developed for real-time quantitative PCR 
and low-throughput SNP genotyping but recently 
Access Array was released, allowing retrieval of the 
PCR product for targeted sequencing applications. 
This Access Array system can perform parallel 
PCRs for 24–96 samples by 24–96 singleplex assays 
with the promise of low use of reagents and time but 
high accuracy. Proof-of-concept of this approach 
was demonstrated by genotyping human DNA sam-
ples from the prostate, lung, colon and ovarian 
(PLCO) cancer screening trial and HapMap samples 
of cell lines [ 92 ]. This study demonstrated 99.5 % 
call accuracy using this dynamic array genotyping 
system compared to the iPlex and Illumina 
GoldenGate assay with a comparatively lesser accu-
racy. Concordance rates of 99–100 % between 
TaqMan real-time PCR and Fluidigm platforms 
were achieved in a clinical setting [ 97 ]. 

  Bead array - based genotyping : Genetic associa-
tion studies indicate the requirement of genotyp-
ing several hundreds of thousands of SNPs per 
individual across hundreds to many thousands of 
samples to map a causal variant by LD analysis. 
Development of bead array-based techniques 
allows to genotype hundreds of thousands of 
SNPs effi ciently in a single array experiment. 
The multiplexed assays can detect up to 1,536 
SNPs in a single DNA sample. Illumina provides 

the highest density array platform currently 
available. One of the assays is GoldenGate geno-
typing assay which allows a high degree of loci 
specifi c multiplexing in a single reaction through 
extension and amplifi cation steps. The interest-
ing aspect of this assay is that it genotypes 
directly on the genomic DNA and does not 
require prior PCR amplifi cation of the target 
sequence. The DNA sample is activated for bind-
ing to paramagnetic particles and this activation 
step requires a minimum input of at least 250 ng. 
Assay oligonucleotides, hybridization buffer and 
paramagnetic particles are combined with acti-
vated DNA in the hybridization step. Three assay 
oligonucleotides are designed for each SNP 
locus. Two oligos are specifi c to each allele of 
the SNP site, called allele-specifi c oligos 
(ASOs). The third oligo hybridizes between 1 
and 20 bases downstream from the ASO site and 
is called locus-specifi c oligo (LSO). The 1–20 
bp distance allows probe design fl exibility to 
avoid non-specifi c sequences fl anking the SNP 
or neighbouring SNPs. All the three oligonucle-
otides include regions of complementarity and 
universal primer sites; the LSO contains unique 
address sequence complementary to a specifi c 
bead type. During hybridization, the assay 
nucleotides bind to the genomic DNA bound to 
the paramagnetic particles. As hybridization 
occurs prior to any amplifi cation there is no 
chance of amplifi cation bias during the assay. 
After hybridization, a polymerase extends the 
ASO(s) complementary to the SNP site. The 
polymerase lacking the strand displacement or 
exonuclease activity is employed and therefore 
just fi lls the gap between the ASO and LSO. The 
polymerase drops off the genomic DNA as it 
reaches the LSO and a DNA ligase seals the nick 
between the extended ASO and LSO to form 
template that can be amplifi ed by universal PCR 
primers. The extended ASO ligated to LSO joins 
information about the genotype at the SNP site 
to the address sequence on LSO. These joined 
products are amplifi ed by three fl uorescently 
labelled universal primers P1, P2 and P3. P1 and 
P2 are labelled with different cytochrome dyes. 
Thermal cycling and processing of the single-
stranded labelled DNA products of the 
GoldenGate assay are hybridized to their perfect 
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complementary bead type through their address 
sequence. This hybridization of the products 
onto the Sentrix arrays allows readout of the 
SNP genotype and the BeadArray Reader analy-
ses the fl uorescence signal on the Array matrix 
or BeadChip. A scan of 96 hybridized samples in 
Sentrix Array Matrix represents data acquired 
from 4.5 million discrete beads. This assay rep-
resents the highest resolution of any scanning 
platform used for microarray- based genetic 
analysis applications [ 98 ]. 

 More recently Illumina introduced the 
Infi nium™ assay, a high-throughput whole- 
genome genotyping (WGG) approach that allows 
analysis of thousands of SNPs per sample. This 
method consists of four components—(1) a 
single- tube amplifi cation step, (2) an array-based 
hybridization capture step using 50-mer probes, 
(3) an enzymatic ASPE step, and (4) an amplifi ed- 
signal detection step [ 99 ]. The Infi nium assay 
complements the fi ne-mapping capabilities of the 
GoldenGate custom genotyping assay and fea-
tures single-tube sample preparation without the 
need of a prior PCR. Sample handling-errors and 
labour are minimal and the enzymatic discrimi-
nation provides high call rates and accuracy. It 
allows researcher the advantages of whole- 
genome approach combining the sophistication 
of unlimited multiplexing with unrestrained SNP 
selection. The number of SNP readout is only 
limited by the number of bead types on the array. 
This is particularly important in assaying custom 
sets of SNPs, including haplotype-tagging SNPs 
[ 5 ], coding SNPs and high-value SNPs. Ability to 
choose SNPs of interest increases the power of 
association studies relative to random SNPs, par-
ticularly with respect to maximizing LD with 
markers in genes and conserved regions [ 100 ]. 
This WGG method allows almost any SNP to be 
assayed and a study has used cell lines harbour-
ing one to four X chromosomes, to detect single- 
copy changes in chromosomal copy number with 
low variability levels. The study has also demon-
strated the utility of this technique to study the 
LOH in tumour samples at sub-100 kb effective 
resolution [ 101 ]. The data delivered is compara-
ble to the GoldenGate assay with respect to call 
rate, reproducibility and accuracy [ 102 ]. 

  SNP microarray : In high-density oligonucleotide 
SNP arrays, hundreds of thousands of probes are 
analysed on a chip. The high-density microarrays 
for genetic variation analysis such as Affymetrix 
Genome-wide SNP arrays have enabled studies 
in common diseases such as diabetes, heart dis-
ease and cancer. Affymetrix has been the fi rst to 
commercially produce SNP arrays over a decade 
ago. The HuSNP assay was designed initially to 
genotype less than 1,500 SNPs on one chip and 
have currently increased to 946,000 for the new 
Genome-Wide Human SNP Array 6.0, which 
have probes for SNPs as well as copy number 
variations. Every SNP is interrogated by a set 
(two alleles for an SNP) of 25-mer probes unlike 
the 50-mer for Infi nium assay. The alleles are 
conventionally referred to as allele A and allele 
B. The probe is designed to be a perfect match for 
allele A (PM A ) and to a perfect match for the 
allele B (PM B ). A mismatch probe is synthesized 
for each allele (MM A  and MM B ) to detect non-
specifi c binding. This quartet (PM A , MM A , PM B , 
MM B ) is the base for genotyping and the compu-
tational goal is to convert these 8–10 probe quar-
tet intensity measures from raw data into a 
genotype interference—AA, AB or BB. With 
every new version by the manufacturer new algo-
rithms developed and have infl uenced the array 
design. So the array should be chosen for which 
the algorithm works best. For example, for a 10K 
version [ 103 ], a partitioning around medoids 
(PAM)-based algorithm was chosen [ 104 ]. For 
the current Human SNP Array 6.0 only six or 
eight perfect match probes—three or four repli-
cates of the same probe for each of the two alleles 
are being used [ 105 ]. The intensity data for each 
SNP therefore have two sets of repeated mea-
surements. A study investigating the coverage of 
important pharmacogenes by comparing the per-
formance of a range of Affymetrix’s arrays and 
Illumina arrays has found the Affymetrix 6.0 
array to have the highest coverage. These results 
help to understand the limitations of these arrays 
to detect the association of known functional 
variation with clinical drug response [ 106 ]. 

  Specifi c - locus-amplifi ed fragment sequencing  
( SLAF - seq ): Whole-genome sequencing (described 
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in the next section) for large populations is still 
cost-prohibitive and high population size greatly 
affects the accuracy of association studies. 
Therefore, low-cost but effi cient high- throughput 
sequence-based SNP genotyping techniques have 
evolved recently such as SLAF- seq [ 107 ]. This 
technique reduces the complexity of high-quality 
reference genome library required for other NGS 
techniques and uses the strategy of reduced repre-
sentation library (RRL) method. This method, 
therefore, does not require reference genome 
sequence and polymorphism information and uses 
barcode multiplexed sequencing for genotyping 
multiple loci simultaneously. It combines the 
locus-specifi c amplifi cation and high-throughput 
sequencing for de novo SNP detection. A bioinfor-
matics statistical model used by this technique 
improves the effi ciency of DNA fragment selection 
for the subsequent amplifi cation of specifi c locus 
based on the training data. The DNA fragments 
include randomly sequenced BAC sequences and 
genome draft sequences. The double barcode sys-
tem distinguishes individuals in large populations 
of about 10,000 samples. A study testing the effi -
ciency of the SLAF-seq on rice and soybean 
genome has observed the genotyping data to be 
accurate and the density of the genetic map to be 
high compared to all the genome data available by 
other methods so far. The same study genotyped 
211 individual carp samples by just utilizing 55 
double barcode system. The data generated by this 
study found the SLAF-seq to be highly effi cient 
and accurate method with reduced repetitive 
regions compared to Affymetrix and GoldenGate 
techniques. Therefore, SLAF-seq represents a low-
cost large-scale genotyping technique with an 
important role in genetic association studies.  

   SNP Detection: Next Generation 
Sequencing Techniques 

 Since the advent of Sanger sequencing in 1977, 
DNA sequencing has relied on this technique 
until the early 1990s. The technique is simple 
generating an amplifi ed target using a ‘cycle 
sequencing reaction’ where cycles of template 
denaturation, primer annealing and primer exten-

sion are performed. Each round of primer 
extension is then terminated by fl uorescently 
labelled ddNTPs which reveals the identity of the 
extended nucleotide. After 3 decades of improve-
ment, the read-lengths by Sanger sequencing are 
up to ~1,000 bp with 99.99 % accuracy and a cost 
of $0.50 per kb. The evolution of the NGS tech-
niques has dramatically accelerated biomedical 
and biological research by enabling a more com-
prehensive analysis of genomes to become inex-
pensive, routine and widespread with less 
production-scale efforts. Some of these NGS 
techniques are described below. These platforms 
are quite diverse in sequencing biochemistry and 
array generation but their workfl ow is conceptu-
ally similar. Libraries are usually made by ran-
dom shearing of DNA followed by ligation with 
common adaptors.
    (a)     Sequencing-by-synthesis technology : The fi rst 

NGS platform commercially available that was 
utilizing this technique was the Roche 454 
GS20 which later was replaced by 454 GS FLX 
Titanium sequencer [ 108 ]. The 454 (454; 
Branford, CT, USA; now Roche, Basel) 
sequencing is a miniature of pyrosequencing 
technique which allows direct incorporation of 
natural nucleotides rather than repeated cycles 
of incorporation, detection and cleavage. The 
sheared DNA template strands attached to 
adapters are bound to capture streptavidin bead 
arrays and amplifi ed  en masse  by emulsion 
PCR [ 109 ]. Each bead in emulsion acts as an 
independent amplifi cation reactor producing 
~10 7  clonal copies of a unique DNA template 
per bead. The individual beads are transferred 
into a well of a picotiter plate along with DNA 
polymerase, primers and enzymes for pyrose-
quencing [ 108 ]. The pyrophosphate released 
during this pyrosequencing can be traced by 
 pyrogram ™ or enzymatic luminometric inor-
ganic pyrophosphate detection assay (ELLIDA) 
which corresponds to the order of correct 
nucleotides that have been incorporated (Fig. 
 5.8 ) [ 110 ]. Since the chemiluminescent signal 
intensity is proportional to the amount of pyro-
phosphate released and hence the number of 
bases incorporated, the pyrosequencing 
approach is prone to errors that result from 
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incorrectly estimating the length of homopoly-
meric sequence stretches (i.e. indels) [ 111 ]. A 
hidden Markov model (HMM) was proposed to 
statistically and explicitly formulate these 
sequencing errors called PyroHMMsnp. 
PyroHMMsnp is an SNP-calling program that 
realigns the read sequences according to the 
error model and infers the underlying genotype 
by a Bayesian approach [ 112 ]. The current 
state-of-the-art 454 platform marketed by 

Roche Applied Science with the GS FLX 
Titanium system is capable of generating 700 
megabase (Mb) of sequence in 700 bp reads in 
a 23 h run with an accuracy of 99.9 % after fi l-
ter. In late 2009, Roche combined the GS 
Junior, a bench top system, into the 454 
sequencing system and the output was upgraded 
to 14 gigabases (G) per run [ 113 ].

       Although the sequencing reads produced by 
these sequencers are thought to be proportional 

  Fig. 5.8    454 sequencing. ( a ) Genomic DNA is isolated, 
fragmented, ligated to adapters and denatured into single 
strands. ( b ) DNA fragments are bound to streptavidin-
coated magnetic beads under conditions that allow one 
fragment per bead; the beads are isolated and grouped in 
the droplets of a PCR-mixture-in-oil emulsion and PCR 
amplifi cation occurs within each droplet. ( c ) The emul-
sion is broken, the DNA strands are denatured and beads 
carrying single- stranded DNA templates are enriched 
(not shown) and deposited into wells of a fi ber-optic 
slide. ( d ) Smaller beads carrying enzymes required for a 
solid phase pyrophosphate sequencing reaction are 

deposited into each well. ( e ) Scanning electron micro-
graph of a portion of a fi ber-optic slide, showing fi ber-
optic cladding and wells before bead deposition. ( f ) The 
454 sequencing instrument consists of the following 
major subsystems: a fl uidic assembly (object i), a fl ow 
cell that includes the well-containing fi ber-optic slide 
(object ii), a CCD camera-based imaging assembly with 
its own fi ber-optic bundle used to image the fi ber-optic 
slide (part of object iii) and a computer that provides the 
necessary user interface and instrument control (part of 
object iii) (fi gure reproduced from Rothberg et al. with 
permission [ 84 ])       
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to the number of incorporated bases, in reality the 
signal generated varies substantially and can lead 
to misinterpretations as over-calls and under- 
calls. These over- or under-calls are often mani-
fested as insertions and deletion errors [ 114 ] 
leading to inaccuracy of sequencing estimates. 

 The NGS technique next introduced was by 
Illumina combining the clonal amplifi cation of a 
single DNA molecule with a cyclical sequencing-
by- synthesis approach. Several instruments were 
commercialized by Illumina, ranging from bench 
top MiSeq sequencer to the high-throughput 
HiSeq 2500 sequencer. The fi rst introduced 
instrument of these is the Illumina (Solexa) 
Genome Analyzer (GA), released by Solexa in 
2007 after the release of Roche 454 in 2006 and 
is the current dominating sequencing technique 
in the market [ 115 ]. The library with fi xed adap-
tors is denatured to single strands and grafted to 
the fl ow cell, followed by amplifi cation to pro-
duce 100–200 million spatially separated tem-
plate clusters. These templates with free ends can 
be hybridized to adjacent universal sequencing 
primers (isothermal bridging amplifi cation) to 
form clusters and initiate the NGS reaction. 
Before sequencing, the library denatures into 
single strands with the help of a cleavage enzyme. 
From the four nucleotides (ddATP, ddGTP, 
ddCTP, ddTTP) with different cleavable fl uores-
cent dyes and a terminating/inhibiting group, 
DNA polymerase bound to the primed template 
adds just one fl uorescently labelled nucleotide 
which represents the complement of the template 
base [ 10 ]. The unbound nucleotides are washed 
away and imaging is performed to determine the 
identity of the incorporated nucleotide. 

 The fi rst instrument, Solexa GA, had an out-
put of 1 G/run and with improvement in the 
enzyme, buffer and fl ow cell conditions and with 
the upgraded Genome AnalyzerIIx series now 
attains 85 G/run. The latest HiSeq 2500/2000 
which uses same sequencing technique of the 
genome analyser can give an output of 600 G in 
2–11 days but with a low read-length of 200 bp 
compared to 700 bp by 454 sequencing system. 
The error rate is as low as 2 % on average after 
fi ltering [ 113 ]. The HiSeq 2000 is the cheapest 
sequencing method to date with $0.02/million 

bases and needs HiSeq control software for pro-
gram control, real-time analyser software for 
base-calling and CASAVA for secondary analy-
sis. High GC content of the DNA has always 
been associated with low effi ciency of sequenc-
ing techniques and HiSeq 2000 is convenient for 
GC-rich DNA templates. Effi ciently mapping the 
short reads generated by these sequencers to the 
reference genome is challenging and recently 
many alignment algorithms have emerged to help 
researchers in taking full advantage of the NGS 
technologies. These alignment algorithms must 
be able to effi ciently align millions of sequence 
and be able to detect the true genomic polymor-
phisms [ 116 ]. Traditional algorithms, such as 
BLAST [ 117 ] and BLAT [ 118 ], are time- 
consuming and unaffordable. Recently the cancer 
genome atlas project (TCGA) compared many 
algorithms for effi cient mapping of their sequenc-
ing reads generated from Illumina Genome 
Analyzer II and found two algorithms, BWA and 
Bowtie, to be effi cient among others [ 119 ].
    (b)     Sequencing by Oligo Ligation and Detection : 

The ABI SOLiD system utilizing this method 
originated from the system described by Jay 
Shendure and colleagues in 2005 [ 120 ] and 
in-house work by Applied Biosystems since 
2006. The sequencer utilizes the technique of 
two-base sequencing based on ligation 
sequencing. Libraries may be made by any 
method that gives rise to a mixture of short, 
adaptor-fl anked fragments. These oligo 
adaptor-linked DNA fragments with 1-μm 
paramagnetic beads tethered to complemen-
tary oligos amplify each bead–DNA complex 
by emulsion PCR. The template for sequenc-
ing is generated by emulsion PCR with 
amplicons captured on paramagnetic beads. 
On the SOLiD fl ow cell, two slides are pro-
cessed per run; one slide receives sequencing 
reactants as the second slide is imaged. A 
universal primer complementary to the adap-
tor sequence is hybridized to the array of 
amplicon-bearing beads. Each cycle of 
sequencing starts with annealing of this uni-
versal primer complementary to the SOLiD- 
specifi c adaptors on the library fragments. 
Sequencing by synthesis is driven by DNA 
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ligase rather than a polymerase. An octamer 
oligonucleotide (8-mer) that is complemen-
tary to the adaptors is added and is ligated to 
the DNA fragment sequence adjacent to the 
3′ end. Fluorescent readout identifi es the 
fi xed base of the octamer and corresponding 
position to second or fi fth depending on the 
cycle number. A chemical cleavage step 
removes the sixth to eighth base by attacking 
the linkage between bases 5 and 6 removing 
the fl uorescent group and enabling a subse-
quent round of ligation. Progressive steps of 
octamer ligation enable sequencing of every 
fi fth base. After many cycles, the extended 
primer is denatured to reset the system.    

  Performance comparison of sequence map-
ping software in aligning reads from samples of 
TCGA project showed the overall best perfor-
mance for the NovoalignC compared to other 
programs like ZOOM, SeqMap and RMAP 
[ 119 ].
    (c)     HeliScope : Helicos Heliscope™ Sequencer is 

also called a single-molecule sequencing sys-
tem. The platform includes two fl ow cells to 
enable billions of DNA molecules captured 
on a surface. The template DNA prepared by 
random fragmentation and poly-A tailing is 
captured by hybridization to surface- tethered 
poly-T primers to yield an array of primed 
single-molecule sequencing templates. 
Fluorescently labelled single species of 
dNTPs and DNA polymerase are added to 
allow elongation in a template- dependent 
manner of these hybridized template strands. 
The unincorporated dNTPs are washed away 
followed by imaging, removal of fl uorescent 
groups and subsequent cycles of extension 
and imaging. After several hundred cycles of 
single-base extension, average read-lengths 
of 25 bp or greater can be achieved [ 121 ]. 
Notable features of this system include its 
similarity to the 454 platform as asynchro-
nous method of sequencing in a sequence-
dependent manner (i.e. some templates may 
fall ahead or behind because of its failure to 
incorporate despite having the appropriate 
base at the next position). There is no termi-
nating moiety on the labelled nucleotides 

therefore; homopolymer runs may be an 
issue, which can be mitigated by limiting the 
rate of incorporation events. Also, consecu-
tive incorporation of labelled nucleotide on 
homopolymers produces a quenching interac-
tion and may lead to diffi culties in inferring 
the discreet number of incorporations (e.g. A 
versus AA versus AAA) [ 121 ].   

   (d)     Semiconductor chip technique : Ion Torrent 
system harnesses the power of semiconduc-
tor technology by detecting the protons 
released as nucleotides which are incorpo-
rated during synthesis. A unique aspect mak-
ing this system different from other 
sequencing techniques is its ability to detect 
the polymerization events by measuring pH 
rather than light. The preparation of the 
library is similar to the 454 sequencing sys-
tem [ 122 ]. The fragmented DNA fragments 
are linked to specifi c adapter sequences, and 
a single DNA template is affi xed to a bead 
(Ion Sphere Particle) and clonally amplifi ed 
by using emulsion PCR. The beads are 
loaded onto the chip and the dNTPs are 
fl owed over the surface of these beads in a 
predetermined sequence with zero or more 
dNTPs ligating during each fl ow. Whereas 
the 454 sequencing system can introduce 4 
nucleotides sequentially, the Ion Torrent can 
include 32 nucleotides. This complex fl ow 
cycle referred to as  Samba  improves the syn-
chronicity of clonal templates on the bead at 
the cost of a fl ow-sequence not optimized for 
read-length. The protons released for every 
nucleotide incorporated decrease the net pH 
in the surrounding solution that can be mea-
sured by an ionic sensor and then converted 
to a fl ow value. A base-caller corrects these 
fl ow-values for phase and signal loss, nor-
malizes to the key and generates corrected 
base calls for each fl ow in each well to pro-
duce the sequencing reads. Each read is 
sequentially passed between two signal- 
based fi lters to exclude less accurate reads. 
Per-base quality values are predicted by the 
Phred method [ 123 ] that quantifi es the simi-
larity between the phasing model predictions 
and the observed signal.    
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      Conclusion 

 Recent advances in high-throughput experimental 
technologies like whole-genome large-scale gene 
expression profi ling, the GWAS and next genera-
tion DNA sequencing provide an advantage of 
scoping the genome for disease- associated genetic 
variants hypothesis-free, without detailing a spe-
cifi c gene of interest [ 124 ]. Moreover, GWAS 
have made feasible the discoverability of many 
intricate interactions in the genome spread apart 
across different regions [ 125 ]. In addition SNP-
based methods are now being used in clinical 
environment to identify various structural anoma-
lies including LOH and mosaicism. Further work 
in the future improving SNP discovery and geno-
typing platforms is bound to give rich dividends 
in terms of elucidation of complex disease mecha-
nisms, better prognosis and diagnosis of patients 
in a short time, and in an effi cient way.     
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        Cancer is a disease of the genome and all cancers 
arise due to alterations in DNA. An initial nucle-
otide aberration that is either inborn (germ line) 
or arises during cell replication (somatic) lays the 
foundation for further changes in the nucleotide 
sequence that ultimately confers a growth advan-
tage to the altered cell [ 1 ]. These changes allow 
the cell to override the checks and balances that 
are essential for controlled growth and differen-
tiation [ 2 ]. The clinical management of cancer 
has largely been guided by knowing the tissue of 
origin and histopathological appearance of the 
tumor. Additionally, many of the genomic altera-
tions result in altered expression of proteins 
that can be measured by immunohistochemical 
methods and provide diagnostic and prognostic 
value (e.g., trastuzumab for HER2-overexpressing 
breast cancer; [ 3 ,  4 ]). In a growing number of 
cases, the direct measurement of the underlying 
nucleotide changes is providing specifi c treatment 
guidance (e.g., vemurafenib for BRAFmutated 
malignant melanoma; [ 7 ]). The clinical standard 
for the determination of DNA alterations has 
been to detect these few specifi c mutations by 
Sanger sequencing [ 5 ] of a polymerase chain 
reaction product [ 6 ] encompassing the locus of 
interest. This method provides a highly robust 
and accurate readout of the targeted nucleotide 

sequence. Sanger sequencing is however only 
able to detect variants that are present at greater 
than ~20 % of the DNA within a sample—an 
important limitation as discussed below. 

 Ten years ago Sanger sequencing chemistry 
and capillary-based sequencer technology was 
used to produce a highly accurate sequence of the 
fi rst reference human genome [ 7 ]. This fi rst 
human genome took thousands of individuals’ 
efforts, 13 years and approximately one billion 
dollars. While suitable for analyzing a few key 
loci for guiding treatment decisions, the Sanger/
capillary technologies do not scale to the timely 
analysis of many sites of interest or to rapid 
whole-genome analyses. Fortunately, DNA and 
RNA sequencing methods have advanced at an 
extraordinary rate in the past 8 years with current 
instruments capable of sequencing whole human 
genomes in only a couple of days with very few 
technical staff. These next-generation sequenc-
ing (NGS) platforms continue to evolve but have 
in common the ability to sequence templates in a 
massively parallel fashion generating millions of 
sequences simultaneously. Excellent reviews of 
the basic chemistry and technology behind these 
advances as well as the strategies for their imple-
mentation have recently been published [ 8 – 10 ]. 
Technical details of common NGS platforms are 
found in Chap.   5     of this book. A hallmark of the 
new NGS instruments compared to the traditional 
Sanger/capillary platforms is a much shorter 
achievable individual sequence read length, 
although the gap has closed signifi cantly. In addi-
tion, the error rates observed for individual 
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sequence reads are higher than previous platforms. 
Nonetheless, the sheer magnitude of quality 
sequence achievable provides consensus accu-
racy and heralds a new era of cancer genome 
investigation whereby the determination of the 
full spectrum of molecular changes in a tumor is 
now possible on a large scale. Projects such as 
The Cancer Genome Atlas (TCGA; cancerge-
nome.nih.gov) and The International Cancer 
Genome Consortium (ICGC,   http://www.icgc.
org    ; [ 11 ]) are performing genome-wide sequenc-
ing of hundreds of tumors across many diverse 
tumor types and submitting these results to 
Internet-accessible public repositories. These are 
rich data sets that will reveal novel insights into 
the mechanisms of cancer with possible thera-
peutic potential. A recent study analyzed nearly 
fi ve million mutations in greater than 7,000 pri-
mary tumors from 30 different tumor types [ 12 ]. 
DNA from normal- matched tissue was available 
to ensure that the variants analyzed were of 
somatic origin. The number of somatic mutations 
observed in these samples varied from 0.001 to 
400 per megabase of genome with most tumors 
harboring 0.5–100 somatic mutations per mega-
base. Tumors associated with chronic exposure to 
mutagens such as tobacco smoke (lung cancer) or 
ultraviolet light (melanoma) exhibited the high-
est prevalence of mutation. This study identifi ed 
21 mutational signatures that are likely correlated 
with the different underlying mutational process 
that initiated the neoplastic events. It remains to 
be seen how these signatures may help guide 
treatment in the future. It is clear from these 
large-scale studies that there are many similari-
ties among the genes and pathways that are 
altered in cancers of different anatomical origin 
and that signifi cant mutational variation exists 
between tumors of the same type from different 
individuals. More precise targeting of the domi-
nant altered pathway in an individual tumor has 
been proposed as an alternative to treatments 
based on tissue of tumor origin alone. Limited 
studies have been initiated that are using DNA 
analysis to derive a molecular profi le of a tumor 
with respect to somatic mutations that can then 
be used to match specifi c drugs or treatments to 
the individual patient [ 13 – 16 ]. This personalized 

medicine approach brings the hope that by 
understanding the specifi c underlying genetic 
alterations driving malignant growth of a tumor, 
treatment regimens specifi cally targeting the 
aberrant gene pathways can be deployed. These 
analyses are meant to augment histopathological 
and immunohistochemical analyses and not 
replace them. Therapeutic agents targeting the 
V660E  BRAF  mutation commonly observed in 
melanoma is ineffective in colorectal tumors with 
the same mutation without additionally inhibiting 
the  EGFR  signaling, as this pathway provides a 
cellular bypass of the  BRAF  inhibition not pres-
ent in melanoma [ 17 ]. 

 Unlike genome sequencing to determine the 
underlying cause of a de novo or Mendelian dis-
order where the variant allele is present in 50 % 
of the DNA sample generally derived from blood 
[ 18 ,  19 ], tumor sequencing presents many chal-
lenges. Few solid tumors exist as a uniform popu-
lation of neoplastic cells but rather are a mixture 
of mutation-harboring cells and genotypically 
normal cells including immune cells, fi broblasts, 
and endothelial cells [ 20 ]. The tumor cellularity, 
the proportion of tumor cells present, can vary 
dramatically. For example, pancreatic ductal ade-
nocarcinoma tumors typically have less than 20 % 
mutant cells [ 21 ]. In such cases, bulk processing 
of these tumors for DNA sequencing will result 
in only 10 % the sequence reads derived from a 
mutant locus present in all tumor cells. This falls 
below the reliable detection threshold of Sanger/
capillary sequencing resulting in false- negative 
or ambiguous results. NGS platforms can achieve 
a lower detection threshold of a few percent 
through the generation of suffi cient depth of 
sequence coverage (200- to 500-fold). 

 Further confounding the sequence analysis of 
tumors is the degree of heterogeneity observed 
within a tumor. Recent individual studies and the 
large-scale TCGA and ICGC data sets paint a 
clear picture that tumors are seldom a simple 
clonal population but rather are a complex mix-
ture of cells evolving either independently or 
ancestrally from a precursor mutant cell [ 1 ]. This 
population is under selection for growth advan-
tage with the early initiating mutational events 
often dominating but with many mutant derivatives 
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spawning new clonal populations that may 
continue to evolve. This can even result in muta-
tional profi les that vary between regions within 
the same tumor whereby some regions harbor 
somatic mutations not observed elsewhere within 
the tumor [ 22 ]. This latter property suggests that 
NGS analysis of a single biopsy in some tumors 
may be inadequate, potentially increasing the 
diagnostic burden. This heterogeneity within 
tumors also unfortunately means that therapies 
directed at a single dominant mutation often 
only have transient effects with recurrence fre-
quent. In addition, recurrent tumors analyzed 
after initial clinical treatments often harbor a 
different mutation that on analysis has been 
shown to present at lower frequency in the initial 
tumor population [ 23 ,  24 ]. 

 Lastly, the current clinical samples available 
for analysis are often not well suited for NGS. 
Formalin-fi xed paraffi n-embedded (FFPE) speci-
mens are common clinical currency with the 
extracted DNA and RNA from these samples 
often of low quality and quantity. Nucleic acids 
are fragmented and harbor nucleotide damage 
that hinder sequencing steps limiting sequence 
yield and increasing error rates [ 25 ]. Older FFPE 
samples may yield no adequate analyte at all, but 
the situation has vastly improved with the adop-
tion of standard operating procedures limiting the 
fi xation times and using neutral-buffered forma-
lin. Fresh-frozen samples are better for NGS but 
are not as suitable for pathological analyses. 
Sample collection practices should also be 
standardized limiting ischemic times as well as 
ensuring that non-necrotic tissue is provided for 
DNA and RNA extraction. 

 The proportion of the genome (a gene set; all 
genes—the exome or whole genome) that is to be 
sequenced is an important consideration for 
molecular testing. For research purposes, whole- 
genome sequencing affords the most comprehen-
sive data set for discovery. The same cannot be 
said for clinical applications. If the goal is to pro-
vide a precise targeted therapy then the genes of 
interest are limited to those that have a therapeu-
tic value. This is not limited to only genes that 
have a therapeutic agent that acts upon them but 
also members of the related pathway that can be 

impacted by targeting a node in the pathway. 
Genes on this list may also provide a prognostic 
value. With this defi nition of utility, the current 
actionable cancer gene list is likely limited to less 
than 300 genes. As discussed above, the depth of 
sequence coverage desired for detection of 
somatic mutations is 200- to 500-fold, so this 
limited gene list is advantageous as increasing 
sequence requirements come with increasing 
costs. Whole-genome sequencing is currently 
limited to ~50-fold coverage at any reasonable 
cost. Whether a limited gene set or all genes are 
targeted requires that these loci be isolated from 
the larger genome. The most robust method uses 
long complementary oligonucleotides directed 
towards the genes of interest [ 26 – 28 ]. The speci-
fi city for the captured target is through design of 
oligonucleotide sequences complementary to the 
target regions while excluding repetitive 
sequence. Genomic DNA is sheared, and adapt-
ers are added as in the fi rst steps of preparing a 
whole-genome library. The prepared DNA is 
hybridized in solution to a pool of the long oligo-
nucleotide baits, and the captured fragments are 
isolated using a biotin-streptavidin capture 
modality [ 27 ]. Unwanted DNA is removed by 
washing the captured fragments, and the targeted 
DNA is eluted, amplifi ed, and used for sequenc-
ing. An alternative method uses highly multi-
plexed PCR combining thousands of PCR 
primers in a single reaction tube. This is an active 
area of development with new and more robust 
methods reaching the market regularly. 

 From a technical standpoint whole-genome 
sequencing is the easiest method as it avoids the 
steps above for isolating targeted regions. This 
simpler workfl ow may also require less input 
DNA. As previously mentioned, it does come 
with added costs due to the larger sequence 
target, but it also comes with another potential 
consequence for cancer diagnostics. With the 
actionable cancer gene list being somewhat 
limited, much of the genome is of little clinical 
value to the oncologist. Depth of sequence 
coverage is sacrifi ced for breadth of sequence 
coverage with the latter contributing little to 
treatment guidance. In addition, the analyzed 
genome may also harbor other variants of 
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signifi cance to a patient’s health and possibly 
their relatives beyond the immediate cancer 
diagnostic need. The American College of 
Medical Genetics and Genomics recently 
released guidelines recommending that specifi c 
incidental fi nd ings be reported in a growing 
gene list with known or expected pathogenic 
variants [ 29 ]. 

 DNA sequence data generation is only one 
part of the equation for using NGS as a molecular 
testing tool. The analysis of the data to derive 
somatic mutational profi les is very complex, and 
these concepts and challenges have been recently 
reviewed [ 30 ]. The complexity of the analyses is 
a hindrance to the adoption of NGS into wide-
spread routine clinical practice. The NGS plat-
form vendors and other independent companies 
are providing data analysis pipelines, but these 
are rapidly evolving and typically do not provide 
all necessary tools for comprehensive tumor 
analyses. Even the basics of the analyses involv-
ing aligning the sequence reads to a reference 
genome and determining single-nucleotide dif-
ferences are fraught with complexities arising 
from multiple regions of the human genome with 
high sequence similarity. Once somatic muta-
tions are identifi ed, the task remains of determin-
ing the functional impact of the variant. Many 
mutations observed fall outside of the known 
annotated variants with verifi ed functional conse-
quences such as constitutive activation of a 
kinase. Mutations nearby may have no affect or 
even an opposite inactivating phenotype. The 
observed high frequency of any mutation within 
a tumor type may indicate its importance in the 
disease but is an indirect inference without sup-
porting functional studies. 

 Discussions so far have been limited largely to 
single-nucleotide variants and small insertions 
and deletions (less than the length of a sequence 
read). Copy number alterations [ 31 ,  32 ] and 
structural rearrangements [ 33 – 35 ] can also be 
derived from NGS data. The latter is less robust 
with much work yet to be done to make the detec-
tion of large insertions and deletions and translo-
cations routine analyses. Epigenetic alterations 
of tumor DNA can also be determined by NGS, 
but methods are not yet suitable for clinical appli-

cation. All of these variant classes are important 
in cancer genomic diagnostics and will become 
part of the NGS repertoire in molecular testing of 
cancer. 

 Lastly, gene expression profi ling is a robust 
NGS methodology (RNA-seq [ 36 ]). In general, 
much like the actionable gene list, the gene 
expression signatures involve a limited number 
of genes and are best assayed by other methods 
such as the MammaPrint and Oncotype DX prog-
nostic biomarkers for aggressive breast cancer 
[ 37 ,  38 ]. RNA-seq is a tremendous research tool 
at present providing insight into differential 
expression and splicing, RNA editing, and allele- 
specifi c expression that may provide additional 
molecular testing potential in the future. 

    Conclusion 

 As the NGS technologies continue to evolve, 
costs will drop, read lengths and accuracy will 
increase, and analyses methods will improve. 
This will make whole-genome sequencing and 
RNA-seq more mainstream providing compre-
hensive cancer genome analyses. This will press 
the issue of reporting incidental fi ndings but 
with improved diagnostic and prognostic capa-
bilities providing the fuel for individualized 
treatments.     
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         Introduction 

 A number of methods have been introduced since 
1990 that have led to the application of microar-
ray techniques to cancer investigations [ 1 – 4 ]. 
Although several different platforms exist, the 
basis for all microarrays is the same: it consists of 
a large panel of “probes” that are fi xed on a solid 
substrate (the “slide” or “chip”). Each probe is 
designed to specifi cally recognize a single target 
molecule, making it possible to profi le an enor-
mous amount of target molecules simultaneously. 
Labeled target material is hybridized to the 
microarray and molecules will bind their respective 

probes. Because the location of each probe is 
annotated, scanning the intensities of each label 
gives a parallel measurement of target signal. This 
signal intensity is proportional to the abundance 
of the detected species in the range above the 
detection limit and below saturation (i.e., within 
the dynamic range of the system). The technology 
is inherently fl exible, and changing the type of 
probes placed on the microarray allows the mea-
surement of different molecular species. For 
example, a microarray with antibodies as probes 
can be constructed for proteomic analyses [ 5 ]. 
The most widely used type of microarray, how-
ever, is the DNA microarray, which uses DNA-
based probes to quantitate DNA or RNA (often 
via cDNA). DNA microarray technology can be 
adopted for a large variety of applications, such as 
array-based comparative genomic hybridization 
(aCGH) [ 6 ], array-based genotyping [ 7 ], epigen-
etic profi ling (e.g., DNA methylation) [ 8 ], and 
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characterization of alternatively spliced transcript 
isoforms [ 9 ]. Perhaps most importantly, however, 
DNA-based microarrays remain the standard 
approach for transcriptome analysis. Because of 
their widespread and fl exible use, this chapter 
will focus on DNA microarrays.  

   Types of Microarrays 

 A large variety of DNA microarrays exist, and 
these vary in both their construction and design, 
as well as in the techniques used for their analysis. 
Three general classifi cations can be made which 
illustrate the major differences. DNA microarrays 
can be categorized based on (1) the methodology 
used to create the microarray, (2) the type of 
probes used for the microarray, and (3) the num-
ber of samples that are hybridized to the microar-

ray slide. We fi rst overview each of these in turn 
and then outline the benchmarking studies and 
software/databases that have emerged over the 
past decade to facilitate microarray data analysis. 

   Construction of Microarrays 

 Numerous technologies have been developed to 
produce microarrays, with the greatest differ-
ence being in the way probes are deposited onto 
the microarray slides. Two main concepts have 
been introduced to do this: spotting and in situ 
synthesis (Fig.  7.1 ). For the fi rst technique, 
probes are pre-synthesized and subsequently 
attached to the microarray by spotting them on 
the slide. The probes are either deposited with a 
pin [ 2 ] or printed with a specialized inkjet-like 
printer onto the slide [ 10 ]. In the second 

  Fig. 7.1    Overview of the two main concepts for DNA 
microarray fabrication: spotting ( top ) and in situ synthesis 
( bottom ). For spotting fabrication, probes are synthesized 
fi rst and are then spotted onto a microarray slide. This can 

be achieved through either pin deposit or inkjet printing. 
In contrast, in situ fabrication works by synthesizing 
probes directly on the slide and this is achieved using 
photolithography       
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method, the probes are directly synthesized on 
the slide using photolithographic synthesis 
methodology [ 4 ]. The most widely used in situ-
synthesized microarray is the GeneChip from 
Affymetrix (Affymetrix, Santa Clara, CA). 
Other companies producing them include 
Roche NimbleGen (Madison, WI).

   In general, spotted microarrays have a lower 
density than their in situ-synthesized counterparts 
because of the relative difference in spot sizes. The 
technology to manufacture spotted microarrays 
does not require specifi c equipment or complex 
chemistry; therefore, it is possible to generate them 
in-house and multiple institutes have established 
core facilities to do this [ 11 ]. For in situ-synthesized 
microarrays, this is much more complex and these 
are in general manufactured commercially. This dif-
ference has several consequences. The use of spot-
ting microarrays provides much more fl exibility; it 
is easy to change the probe content of the microar-
ray to the user’s needs. However, in situ-synthesized 
microarrays have a better reproducibility due to 
commercial manufacturing and standardization of 
reagents and instrumentation [ 12 ].  

   Microarray Probes 

 There are two main types of probes used for DNA 
microarrays [ 13 ]. Double-stranded DNA 
(dsDNA), commonly obtained with polymerase 
chain reaction (PCR), is one of these. PCR ampli-
cons, typically varying in length from approxi-
mately 200 to 800 base pairs (bp), are created 
using PCR primers. Primers can be designed from 
cDNA libraries, shotgun library clones, or known 
genomic sequence. These probes can only be used 
with spotting techniques, since they can only be 
synthesized prior to printing them on the microar-
ray. The second type of probe is the oligonucle-
otide, a short chemical-synthesized sequence. The 
typical probe length for oligonucleotides ranges 
from 20 to 100 bp [ 14 ]. Unlike the dsDNA probe, 
this probe type can be used for both spotted and 
in situ-synthesized microarrays. 

 Since dsDNA probes are longer than oligonu-
cleotides, in theory, they should have better sen-
sitivity and specifi city. However, longer probes 

are more open to cross-hybridization (e.g., gene 
families) and may contain nonspecifi c elements, 
which would decrease specifi city [ 15 ]. Further to 
increase sensitivity, the oligonucleotide-based 
microarray is designed to include multiple probes 
for the same target. The use of shorter fragments 
also makes it possible to increase resolution, for 
example, to examine specifi c exons or to interro-
gate polymorphisms [ 16 ].  

    Microarray Sample Hybridization 

 Another important distinction between types of 
microarrays involves the number of samples that 
are hybridized to a single microarray slide. Some 
microarrays can measure a single sample, while 
other types can measure two samples simultane-
ously (Fig.  7.2 ). Prior to hybridization, a sample is 
labeled with a fl uorophore and target signal is 
measured by detection of fl uorescence. When a 
single sample is hybridized to the array, one fl uo-
rophore is used (one-color microarray). However, 
in the case of two sample arrays, different fl uoro-
phores are used for each sample. These are subse-
quently mixed and hybridized together on a single 
microarray slide (two-color array), and they then 
competitively hybridize to the probes on the array. 
With the one-color microarray, absolute fl uores-
cence is measured, whereas two- color arrays pro-
vide ratios. Notably, due to differences in 
hybridization affi nity between probes, neither 
platform is effective at measuring absolute RNA/
DNA abundances [ 17 ,  18 ]. A signifi cant literature 
has been developed to describe the optimal ways 
to design multicolor microarray experiments [ 19 ].

      Advances in Microarrays: 
Benchmarking Studies 

 Since the introduction of DNA microarrays, 
 technology has evolved substantially. The fi rst 
microarrays were limited to detect a few hundred 
targets; current arrays can measure millions of 
 features. Technological advances besides probe 
density, both with respect to microarray design and 
production and DNA/RNA amplifi cation methods, 
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have resulted in a dramatic reduction in the amount 
of start material needed [ 20 ], making it recently 
possible to zoom onto the single cell level [ 21 ]. 

 Since the fi rst DNA microarrays, our under-
standing of the human genome and transcriptome 
has also evolved tremendously. Around the time 
DNA microarrays were fi rst being developed and 
introduced, the Human Genome Project was initi-
ated to sequence the complete human genome. In 
2001 the fi rst draft sequence of the human genome 
was published, with approximately a quarter of the 
sequence in its fi nal form [ 22 ,  23 ]. Using this infor-
mation showed that large proportions of probes 
were incorrectly assigned [ 24 ,  25 ]. Accordingly 
methods to update probe annotation and map micro-
array probes between platforms and species have 
been developed [ 26 ,  27 ], and these have resulted in 
better data reproducibility/comparability between 
different platforms [ 28 ,  29 ]. 

 Other efforts to address DNA microarray data 
reproducibility and reliability have been under-

taken. The MicroArray Quality Control (MAQC) 
studies I [ 30 ] and II [ 31 ] showed that with appro-
priate analyses, high consensus data could be 
generated. The specifi c analytical techniques for 
microarray data, standardization of manufactur-
ing [ 32 ], sample preparation, and hybridization 
[ 33 ] as well as in analyses methods [ 34 ] have fur-
ther increased repeatability and reliability.  

   Software and Databases 

 With the recognition that data quality and repro-
ducibility was complex and multifaceted, a need 
for transparent reporting of data and computa-
tional methods became apparent [ 35 ,  36 ]. The 
importance of sharing data, especially with DNA 
microarray data, upon publishing is twofold. 
First, others can duplicate the analyses. Second, 
data can be explored by others providing 
 additional insights. Further in the case of patient 

  Fig. 7.2    Outline of a one-color ( top ) and a two-color 
( bottom ) microarray. For one-color array, one fluoro-
phore is used to label the sample prior to hybridiza-
tion and direct fluorescence is measured. For 

two-color arrays, samples are labeled with different 
fluorophores; the two pools of samples are then mixed 
and hybridized to one microarray slide and a ratio of 
the two intensities is given       
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data, it offers the opportunity to perform meta- 
analyses, increasing the potential power of, e.g., 
biomarker studies. Public data repositories, such 
as the Gene Expression Omnibus (GEO) [ 37 ] and 
ArrayExpress [ 38 ], have been established to meet 
these needs. An overview of public repositories is 
presented in Table  7.1 . Further a standard for 
reporting microarray experiments was intro-
duced: Minimum Information About a Microarray 
Experiment (MIAME) [ 39 ]. MIAME describes 
the information that should be specifi ed for 
microarray experiments; however, these are only 
recommendations regarding the content not 
regarding technical format. Therefore, despite 
the adoption of MIAME, it has often been diffi -
cult either to obtain the data or to reproduce 
results [ 40 ,  41 ]. Making high-throughput data 
available is often a condition of publication or 
funding as it is one of the MIAME criteria [ 42 ].

   Comprehensive software packages for micro-
array data processing and analyses have been 
developed both commercially and as an open 
source. For example, the open-source software 
Bioconductor provides a wide array of tools for 
sophisticated microarray data analyses and pro-
vides researchers with the option to develop addi-
tional methods and make them easily available to 
others [ 43 ]. In Table  7.2  an overview of DNA 
microarray analysis tools is provided.

       Applications of Microarrays 

   Measuring RNA Abundances 

 Several different types of RNA molecules can 
be profi led using microarrays; these include, but 
are not limited to, messenger RNA (mRNA), 

   Table 7.1    An overview of public microarray repositories   

 Repository  Web link 

 Gene Expression Omnibus (GEO)    http://www.ncbi.nlm.nih.gov/geo/     
 ArrayExpress    http://www.ebi.ac.uk/arrayexpress/     
 caArray    https://array.nci.nih.gov/caarray     
 Stanford Microarray Database (SMD)    http://smd.stanford.edu/     
 Princeton University MicroArray 
database (PUMAdb, will replace SMD) 

   http://puma.princeton.edu/     

   Table 7.2    An overview of microarray analysis tools   

 Software  Free  Open source  Website 

 Affymetrix Power Tools (APT)  Yes  Yes    http://www.affymetrix.com/partners_programs/
programs/developer/tools/powertools.affx     

 Aroma.affymetrix  Yes  Yes    http://www.aroma-project.org/     
 ArrayStar  No  No    http://www.dnastar.com/     
 Babelomics  Yes  No    http://babelomics.bioinfo.cipf.es/     
 BioArray Software Environment 
(BASE) 

 Yes  Yes    http://base.thep.lu.se/     

 Bioconductor  Yes  Yes    http://www.bioconductor.org/     
 BRB Array Tools  Yes  Yes    http://linus.nci.nih.gov/BRB-ArrayTools.html     
 DNA Chip Analyzer (dChip)  Yes  Yes    http://www.hsph.harvard.edu/cli/complab/dchip/     
 GeneSifter  No  No    https://login.genesifter.net/     
 GeneSpring GX  No  No    http://genespring-support.com/     
 ImaGene  No  No    http://www.biodiscovery.com/software/imagene/     
 Partek Genomics Suite  No  No    http://www.partek.com/partekgs     
 Spotfi re  No  No    http://spotfi re.tibco.com/     
 TM4  Yes  Yes    http://www.tm4.org/     
 WebArray  Yes  Yes    http://www.webarray.org/     

7 Microarray-Based Investigations in Cancer

http://www.ncbi.nlm.nih.gov/geo/
http://www.ebi.ac.uk/arrayexpress/
https://array.nci.nih.gov/caarray
http://smd.stanford.edu/
http://puma.princeton.edu/
http://www.affymetrix.com/partners_programs/programs/developer/tools/powertools.affx
http://www.affymetrix.com/partners_programs/programs/developer/tools/powertools.affx
http://www.aroma-project.org/
http://www.dnastar.com/
http://babelomics.bioinfo.cipf.es/
http://base.thep.lu.se/
http://www.bioconductor.org/
http://linus.nci.nih.gov/BRB-ArrayTools.html
http://www.hsph.harvard.edu/cli/complab/dchip/
https://login.genesifter.net/
http://genespring-support.com/
http://www.biodiscovery.com/software/imagene/
http://www.partek.com/partekgs
http://spotfire.tibco.com/
http://www.tm4.org/
http://www.webarray.org/


92

microRNA (miRNA), and RNA interference 
(RNAi). For studies of transcripts, mRNA is typi-
cally reverse-transcribed into cDNA and then 
hybridized to either one-color or two-color arrays 
(as detailed in section “ Microarray Sample 
Hybridization ”), although direct labeling of RNA 
can also be performed [ 44 ]. Similarly, miRNAs 
are reverse-transcribed, labeled with different fl uo-
rophore molecules [ 44 ,  45 ], and then hybridized 
onto a pre-spotted array [ 46 – 48 ]. Usually for one-
channel mRNA expression data, robust multi-
array average (RMA) algorithm is used to 
preprocess the data [ 45 ,  49 ]. RMA involves three 
key steps—background correction, quantile nor-
malization (forcing intensity values from different 
arrays to have the same distribution), and summa-
rization using a median polish. In contrast, there is 
no general consensus in a normalization method 
for two-color mRNA arrays. Different algorithms 
can be used [ 50 – 56 ] (e.g., empirical Bayes model 
[ 54 ], limma [ 56 ], and variance-stabilizing models 
[ 53 ]) and method selection is largely data depen-
dent. Similarly, multiple normalization methods 
exist for miRNA data including median centering, 
quantile normalization, and variance-stabilizing 
normalization where inter-sample variation is cali-
brated so that it is independent of mean intensity 
[ 57 ,  58 ]. Lastly, microarray-based approaches 
have been developed to study short hairpin RNA 
(shRNA), molecules that are widely used to assess 
gain- or loss-of-function mutation in genes. A 
method termed Gene Modulation Array Platform 
(GMAP) is designed to allow for the study of 
genome-wide gene-dosage screens of >248,000 
unique shRNAs simultaneously [ 59 ]. Cells are 
infected with lentiviral shRNA pools and genomic 
DNA are prepared and hybridized to GMAP array. 
GC-background correction for nonspecifi c bind-
ing probes and normalization using Cyclic Loess 
are applied to reduce inter- replicate variances.  

   Measuring Other Aspects of RNAs 

 Although measuring the abundance of differ-
ent RNA species is likely the most common 
use of microarray technologies, they can also 
be used to study other aspects of RNA molecules. 

For example, ribonucleoprotein complexes (RNPs) 
are interesting assemblies comprised of both 
RNA and proteins, which play important roles in 
mRNA translation and maturation [ 60 ]. RNPs 
can be profi led using RNA immunoprecipitation 
(RIP). RIP starts with a cross-linking process, 
which preserves the interaction between RNA 
and protein [ 61 ], and is followed by incubation 
with an antibody. Extracted RNA is then reverse- 
transcribed to cDNA and hybridized to a micro-
array [ 62 – 64 ] (known as RIP-Chip). Different 
analysis methods are available for analyzing RIP- 
Chip data [ 62 ,  64 – 67 ]. For example, one method 
works by dividing individual probe intensity by 
the mean probe intensity across the array and 
then taking a sliding window approach to calcu-
late the sum of all probe intensities that fall 
within the given window [ 66 ]. Those probes that 
fall below a prespecifi ed adjusted  p -value thresh-
old are deemed signifi cant. 

 mRNA turnover rate can also be studied using 
microarrays and is an important area because of 
its role in regulating gene expression. Time-
series experiments of mRNA in combination 
with microarray-based technology can allow for 
the global characterization of mRNA decay [ 68 ]. 
Following stress induction, cells are harvested 
at various time points [ 68 ,  69 ], which are then 
metabolically labeled with [ 35 S]methionine, 
 pulse- chased and immunoprecipitated [ 70 ,  71 ]. 
Isolated mRNA is hybridized onto a microarray 
for global profi ling. RNA intensities are often 
normalized to internal controls and a nonlinear 
model is used to calculate the decay rate con-
stant and half-life of each mRNA [ 72 ]. 

 Similarly, mRNA translation, which is impor-
tant for development, cell cycle, and drug resis-
tance [ 73 – 77 ], can be profi led using a 
whole-genome approach [ 78 – 82 ]. During mRNA 
translation, multiple ribosomes are attached to 
RNA and this structure is called polysomes. 
mRNA translation can be profi led by capturing 
these polysome structures. This process starts by 
fi rst arresting ribosome movement. Sucrose gra-
dient centrifugation is then used to separate the 
complex into fractions [ 82 ]. Purifi ed RNA from 
each of the fractions is reverse-transcribed, 
labeled with different dyes, and hybridized to a 
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microarray. Normalization is done relative to a 
pool of normalization controls so that intensity 
signals from all normalization controls are equal 
to one on each array [ 78 ]. Fractions with the 
highest average values are defi ned as the peak 
fractions and differences in peak fractions show 
whether these RNA molecules are actively or 
inactively translating [ 78 ,  82 ].  

   Analyzing DNA Sequence 
and Structure 

 Microarrays can interrogate several aspects of 
DNA structure, including the presence or 
absence of specifi c base-pair-level sequence 
aberrations (also called resequencing or geno-
typing) and the copy number status of different 
regions of the genome. 

 Single nucleotide polymorphisms (SNPs) are 
DNA sequence variants of a single nucleotide in 
size that occur in a portion of the population. 
With the advancements of technologies, these 
single nucleotide alterations can be readily 
picked up by high-throughput assays such as 
microarray. Several fractionation-based SNP- 
enrichment approaches are available [ 68 ,  69 , 
 83 – 85 ]. Briefl y, the process starts by incubating 
DNA in a cocktail of restriction enzymes, which 
leaves short overhangs at the ends of the DNA 
fragments. Primers that recognize these over-
hangs are then ligated to the DNA fragments and 
are used for adaptor-mediated PCR amplifi ca-
tion [ 86 ]. Sometimes a size-selection step is used 
prior to PCR amplifi cation to reduce sample 
complexity. Amplifi ed DNA is fragmented, 
labeled with fl uorophores, and hybridized to an 
SNP array. Affymetrix offers various types of 
arrays, each with different resolutions, including 
the 10, 100, and 500 k arrays [ 87 ]. Prior to geno-
typing calling of AA, AB, or BB, SNP arrays 
need to be preprocessed. Various preprocessing 
methods exist for SNP arrays [ 88 – 91 ]. Some 
methods correct for probe sequence and frag-
ment length prior to normalization. Array inten-
sities are then quantile normalized to ensure that 
all samples have the same distribution [ 88 – 91 ]. 
Summarization of probes that correspond to the 

same allele of the same SNP is often done using 
median polish [ 88 – 90 ]. Multiple genotyping 
algorithms are available and the more successful 
ones involve initial training on known genotypes 
(e.g., BRLMM [ 88 ], CRLMM-1 [ 87 ], 
BRLMM-P [ 89 ], Birdseed [ 91 ], and CRLMM-2 
[ 90 ]). In addition to genotyping, copy number 
status can also be inferred from SNP arrays 
through use of both hidden Markov models 
(HMM) [ 92 – 96 ] and non-HMM approaches 
which use hierarchical clustering or  p -value 
threshold selection [ 91 ,  97 – 101 ]. 

 More frequently, copy number variation anal-
yses are achieved through comparative genomic 
hybridization (CGH), which allows for the simul-
taneous interrogation of four million oligonucle-
otides. Genomic DNA from one sample (e.g., 
tumor) and that of another (e.g., normal) are 
labeled with different fl uorophores (Cy5 and 
Cy3, respectively). DNA from both samples is 
then hybridized onto a cDNA microarray [ 6 ] 
(Fig.  7.3 ). The ratio of Cy5/Cy3 fl uorescence 
indicates copy number status where red (Cy5) 
represents copy number gain in the tumor sam-
ples, green (Cy3) represents a copy number loss 
in the tumor samples, and yellow represents no 
change in DNA copy number in comparison to 
the normal sample. Multiple segmentation meth-
ods are available for dividing data into sets of 
equal copy number; some of the methods include 
HMM approach (HMM) [ 102 ], circular binary 
segmentation (CBS) [ 103 ], and Gaussian model- 
based approach (GLAD) [ 99 ].

      Epigenetic Applications 

 In addition to direct measures of RNA and DNA 
molecules, microarray-based techniques can 
also be applied to investigate the relationship 
between proteins and DNA. Chromatin immuno-
precipitation (ChIP) can detect transcription fac-
tor binding sites through cross-linking of DNA 
and proteins by formaldehyde and sonication 
and breaking up of nonbinding DNA fragments. 
The protein of interest is then probed with the 
respective antibodies to complete the immuno-
precipitation process. DNA bound to the protein 
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of interest is released and profi led using a micro-
array (ChIP- Chip) [ 6 ]. Various methods for ana-
lyzing ChIP- Chip data exist [ 59 ,  104 – 108 ]. 
Model-based analysis of tiling arrays (MAT) 
normalizes probes by considering probe 
sequence for GC contents as well as the copy 
number of probes across the array [ 106 ]. Some 
methods use a hidden Markov model (HMM) 
approach, whereas others use a sliding window-
based approach for identifying areas enriched 
for ChIP [ 104 – 108 ]. Taking intensity values 
from each probe directly as a potential DNA–
protein interaction point would result in a high 
number of false-positives; hence, a sliding win-
dow approach is often suggested for analysis of 

ChIP-Chip data where a fi xed window moves 
along the genome and summarizes all probes 
within that window. Any peaks identifi ed from 
this summarized window approach will be 
regarded as binding sites. 

 Similarly, microarrays can be used to study 
epigenetic changes and specifi cally DNA meth-
ylation. Methylated DNA fragments can be 
enriched through various methods (Table  7.3 ). 
DNA fragments enriched for methylation are 
hybridized to a microarray for global detection. 
Following data acquisition, probe intensities 
need to be normalized. Various methods exist 
for normalizing methylation data including 
RMA (described above), which is often used for 

  Fig. 7.3    Overview of aCGH. Genomic DNA from two sam-
ples (e.g., tumor and normal) are labeled with different fl uo-
rophores, which are then hybridized onto a cDNA microarray. 
Copy number status is indicated through the ratio of the Cy5/

Cy3 fl uorescence:  red  represents a gain of copy number in 
the tumor samples,  green  represents a loss of copy number in 
the tumor samples, and  yellow  represents no copy number 
differences between normal and tumor samples       
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analyzing mRNA expression data [ 45 ,  90 ], and 
MAT and Potter, which incorporate signal inten-
sity, sequence, and copy number of all probes 
into the normalization model [ 106 ,  109 ]. Similar 
to ChIP- Chip analysis, a sliding window approach 
is used to summarize probe-level values by 
genomic regions (Table  7.4 ). Selection of sliding 
window method depends on informatic resources, 
biological questions, and the types of data being 
interrogated.

        Advantages and Limitations 
of Microarrays 

   RNA Applications 

 The emergence of RNA microarrays has dic-
tated much of the research done over the past 
decade, offering an effi cient and high-through-
put genome-wide view of transcriptome as 
opposed to predecessor techniques such as 
reverse- transcription PCR (RT-PCR), expressed 
sequence tag (EST) analysis, and serial analysis 
of gene expression (SAGE) [ 110 – 113 ]. 
However, a fundamental limitation of RNA 
microarrays is that they can only measure the 
abundance of probes that are present on the 

array. Therefore, isoform- specifi c expression, 
discovery of novel transcripts, profi ling of non-
coding elements, and identifi cation of RNA 
sequence variants were not possible. Of these, 
isoform-specifi c expression and profi ling of 
noncoding elements can be achieved by using a 
combination of less popular splicing/junction 
arrays and tiling arrays; however, their accu-
racy due to cross-hybridization potential 
remains unclear [ 114 – 116 ]. With the advent of 
next-generation sequencing technologies, 
RNA-sequencing (RNA-seq) has overcome 
these issues by simultaneously sequencing all 
the transcribed contents of DNA. The sequenced 
RNA molecules are termed as “sequence reads” 
(30–400 bp long depending upon the sequenc-
ing technology). The sequence reads are either 
post- processed to create de novo transcriptome 
assembly [ 117 – 119 ] or aligned against a refer-
ence genome to estimate abundance of known 
transcribed element [ 120 – 124 ]. This fi ne-scale 
coverage of genome-wide transcription land-
scape offers nucleotide-level view and there-
fore helps determine the structure and function 
of all RNA elements beyond the well-annotated 
genes. Compared to microarrays, RNA-seq 
certainly offers a much wider view and com-
plexity of transcriptome. However, it requires 

   Table 7.3    The different approaches to enrich for methylated DNA fragments   

 Enrichment approaches  Description 

 Bisulfi te treatment  Treatment of genomic DNA with sodium bisulfi te will convert unmethylated 
cytosine to uracil but leave methylated cytosine the same. These can be 
identifi ed as SNPs through either array- or NGS-based approaches 

 Methylation-sensitive restriction 
enzyme enrichment (MSRE) 

 Restriction enzymes can target either methylated or unmethylated DNA, 
hence enriching for either the unmethylated or methylated fractions, 
respectively, upon PCR amplifi cation 

 Methylated DNA immunoprecipitation 
(MeDIP) 

 5-methylcytosine-specifi c antibody targets and immunoprecipitates 
methylated DNA 

   Table 7.4    Sliding window selection methods   

 Authors  Method description 

 Cawley et al. (2004)  Rank probe signals within 1,000-base- pair sliding window using Mann–Whitney  U  test [ 104 ] 
 Li et al. (2005)  Use two-hidden-state HMM to estimate enrichment probability at each probe location [ 108 ] 
 Keles et al. (2004)  Use a sliding window of mean Welch’s t statistics to identify enrichment regions [ 107 ] 
 Ji and Wong (2005)  Weigh observed probe variance and pooled variances using empirical Bayes shrinkage [ 105 ] 
 Johnson et al. (2006)  Calculate trimmed mean (removes top and bottom 10 %) of all  t  values within 600-base-pair 

window [ 106 ] 
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processing and interpretation of large volumes 
of read data using bioinformatics tools that are 
very much in development. Furthermore, to 
determine the splicing of rare transcripts and 
RNA variants requires greater coverage, result-
ing in higher cost and analysis burden. In a nut-
shell, the ultimate parameter to determine the 
method of choice lies in the biological ques-
tion, where microarrays are a preferred and 
cost-effective solution with well- established 
bioinformatics pipelines or when profi ling of 
only known genes is required. Furthermore, 
when studying samples representing heteroge-
neous population, more clinically relevant 
information may be achieved by running micro-
arrays on large number of samples than RNA-
seq on fewer samples, in the same budget.  

   DNA Applications 

 Microarrays have been widely applied to multi-
ple aspects of high-throughput genome research 
such as copy number analyses and genotyping of 
mutations and polymorphisms. As for RNA anal-
ysis, DNA microarray analysis is fundamentally 
limited because one can only measure what is on 
the array and in many applications the design 
requires a priori knowledge of the genome. If, for 
example, screening for novel DNA variants, one 
is limited to a specifi c gene or genomic region or 
multiple microarrays have to be used which can 
make it a costly process. This has changed with 
the introduction of next-generation sequencing 
(NGS) technology; the 1000 Genomes Project 
reported twice as many potentially functional 
DNA variants as were previously identifi ed in 
their pilot study [ 125 ]. Further with microarrays, 
not all types of aberrations can be discovered. It 
is not even possible to screen for certain struc-
tural variants (SVs), like translocations and 
indels, using microarrays. By contrast, with NGS 
technology, these can be readily detected [ 126 ]. 
Also unlike microarrays, NGS offers single 
nucleotide resolution making it possible to fi nd 
base-pair-level breakpoints [ 127 ]. Another appli-
cation of DNA NGS is the identifi cation of novel 
sequence insertions (e.g., viral integration) [ 128 ], 

which is not possible with microarrays. In 
conclusion, with the introduction of NGS tech-
nology, it is thus not only possible to explore 
known variance at a large scale, but it also pro-
vides a platform for the discovery of novel varia-
tion at the entire genome level.  

   Epigenetic Applications 

 In addition to RNA and DNA profi ling, studies of 
the epigenome are also gaining popularity as 
high-throughput detection technology advances. 
Microarrays have been traditionally used for the 
interrogation of epigenetic changes and are rather 
attractive to the fi eld because of its affordability 
and the established and mature bioinformatics 
pipeline [ 129 ]. Various methylation detection 
methods have been developed including bisulfi te 
conversion, methylation-sensitive restriction 
enzyme digestion, and affi nity-based method 
[ 130 ]. Bisulfi te conversion works by treating 
genomic DNA with sodium bisulfi te where 
unmethylated cytosine is converted to uracil but 
methylated cytosine remains as a cytosine. PCR 
amplifi cation will then replace uracils with 
 thymines. From there, amplifi ed DNA can either 
be profi led using pyrosequencing [ 131 ], Sanger 
sequencing [ 132 ], or Illumina bead arrays [ 133 , 
 134 ]. To study methylation polymorphisms, 
genomic DNA often undergoes bisulfi te treat-
ment followed by hybridization to an Illumina 
bead array. Bisulfi te-treated DNA is targeted by 
two primers (labeled with different fl uorescent 
tags) using the Illumina bead array where one tar-
gets the unmethylated fragments and the other 
targets the methylated fragments [ 130 ]. This 
method is best for studying methylation poly-
morphisms on a known set of methylated loci on 
a larger sample size. It provides more quantita-
tive measure of cytosine methylation [ 130 ]. 
However, it has lower coverage in comparison to 
other array-based technologies and requires 
sophistication and knowledge in the evaluation 
and design of the differentially labeled primers. 
As a result, to gain knowledge from a whole- 
genome perspective, next-generation sequencing 
(NGS) is used to study organisms with both small 
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and large genomes. One advantage of NGS is that 
DNA can be sequenced directly, hence bypassing 
the labor-intensive and bias-prone PCR amplifi -
cation and DNA labeling [ 130 ]. The read counts 
provide quantitative measures of the abundances 
of methylated sequences. Unlike array-based 
technologies, no a priori information is needed 
for NGS technologies and hybridization-induced 
biases are unlikely to be present for NGS data 
[ 130 ]. Another technique for studying DNA 
methylation patterns is methylation-sensitive 
restriction enzyme enrichment (MSRE) [ 135 –
 140 ]. Samples are digested with a set of restric-
tion enzymes that cut either methylated or 
unmethylated fragments; hence, upon PCR 
amplifi cation, it enriches for DNA fractions that 
have not been cut by restriction enzymes. The 
enriched fragments can be profi led using both 
array and NGS methods. Methylated DNA 
sequences can also be enriched using affi nity- 
based method. One such method is called meth-
ylated DNA immunoprecipitation (MeDIP), 
which targets and immunoprecipitates methyl-
ated DNA using 5-methylcytosine-specifi c anti-
body [ 141 – 146 ]. Similarly with MSRE, 
MeDIP-enriched DNA can also be analyzed 
using both microarray and NGS methods. 
Affymetrix provides short oligonucleotide tiling 
arrays that contain 25-bp long probes [ 130 ,  138 ]. 
These arrays are one-channel arrays and DNA 
from one sample is hybridized to one array. This 
type of array gives high specifi city but suffers 
from lower sensitivity and higher noise [ 130 , 
 141 ]. Each sample is hybridized to one array and 
comparison can be made across different arrays 
following normalization. Conversely, NimbleGen 
and Agilent offer long oligonucleotide arrays 
with probes that are 60-mers. NimbleGen arrays 
use an adaptive photolithographic method and 
can hold up to two million features, and Agilent 
arrays use inkjet technology and could hold up to 
~240,000 features [ 130 ,  147 ]. Both Agilent and 
NimbleGen arrays are two-channel arrays where 
two samples can be labeled with different fl uo-
rescent dyes and hybridized on the same array. 
These arrays with longer probes yield higher sen-
sitivity in comparison to the short oligonucle-
otide arrays but suffer from low specifi city and 

low probe density [ 148 ]. These are things that 
researchers need to consider before choosing the 
array platform they wish to employ.   

   A Case Study: Breast Cancer 

   Cell-Line Profi ling 

 Cell-line models have been fundamental to 
understanding behavior of cancer, its types/sub-
types, and response to treatment. While some 
researchers argue that cell-line models are not 
always true representative of primary tissues and 
may accumulate mutations specifi c to their 
growth cultures [ 149 – 151 ], cell lines continue to 
provide accurate insights into cancer biology at 
an affordable price [ 152 – 154 ]. Microarray profi l-
ing of genomic and transcriptomic features across 
a large compendium of breast cancer cell lines 
has enabled scientists to understand the similari-
ties and differences between the cell-line models 
and primary tumors [ 153 ,  154 ]. Using DNA 
microarrays, profi ling of 51 breast cell lines 
revealed a large number of genomic aberrations 
as present in the primary breast tumors as well. 
Likewise, RNA microarray profi ling of the same 
51 cell lines demonstrated distinctive expression 
clusters. These clusters were largely similar to 
the previously known human breast cancer 
molecular subtypes [ 155 ] with an exception of 
HER2-positive subtype. The authors further ana-
lyzed HER2-amplifi ed cell lines following treat-
ment with trastuzumab and observed variable 
levels of sensitivity, which is consistent with the 
variable response to trastuzumab in HER2- 
positive patients [ 156 ]. Such microarray analyses 
at genomic and transcriptomic levels highlight 
the promising potential of cell lines for the dis-
covery of biologically and clinically relevant 
molecular features. For instance, disease subtype- 
specifi c cell lines can be used to test both the effi -
cacy of new treatments and prognostic and 
predictive assessment of novel targets. Further, 
the convenience and affordability of cell lines 
combined with microarray profi ling makes it an 
ideal choice for studying biological phenomena 
and generation of new hypotheses.  

7 Microarray-Based Investigations in Cancer



98

   Primary Tumor Profi ling 

 Microarray-based expression profi ling has 
resulted in fi ve well-established molecular sub-
types of breast cancer: basal, HER2, luminal A, 
luminal B, and normal-like breast cancers [ 155 ]. 
These subtypes are associated with differential 
prognosis and response to treatment (Fig.  7.4 ). As 
shown in Fig.  7.4 , patients presenting basal and 

HER2 breast cancers have signifi cantly shorter 
5-year survival compared to luminal A, luminal 
B, and normal-like breast cancers. Since their dis-
covery, a number of studies have focused on iden-
tifying gene signatures that can distinctly classify 
patients into these subtypes [ 157 – 159 ]. These sig-
natures are composed of 50–500 genes, along 
with centroids for every gene in each of the fi ve 
subtypes. The centroids serve as a representative 
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  Fig. 7.4    Kaplan–Meier analysis of patients belonging to 
different subtypes of breast cancer using NKI cohort ( n  = 295). 
( a ,  b ,  c ) Subtype prediction was conducted using the gene sig-

natures of Sorlie et al., Hu et al., and Parker et al., respectively. 
Groups were compared using log-rank test. Implementation of 
these classifi ers was reused from Weigelt et al.       
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profi le of each subtype and are used to estimate 
correlation with a new patient’s expression pro-
fi le, thereby determining patient’s molecular sub-
group. Detailed inspection of cross-classifi er 
predictions has revealed that, apart from basal- 
type cancers, the concordance between these clas-
sifi ers remains clinically unacceptable [ 160 ]. For 
instance, patients who demonstrate HER2 protein 
overexpression (by immunohistochemistry) are 
likely to benefi t from targeted therapy with trastu-
zumab. However, if a microarray classifi er mis-
classifi es these patients, they would not benefi t 
from the most appropriate treatment regime. 
Although genes underlying these subtypes mani-
fest differential activity and relate with key cancer 
pathways, their ability to successfully guide ther-
apeutic decisions has been largely unsuccessful.

   To date, there are two clinically approved 
gene expression-based biomarkers for breast 
cancer prognosis: Oncotype DX [ 161 ] and 
MammaPrint [ 162 ]. Oncotype DX assay is 
RT-PCR based, while MammaPrint is the only 
microarray-based gene expression signature 
available for breast cancer clinical use. 
MammaPrint is a 70-gene signature that assesses 
the risk of recurrence in early stage breast can-
cer patients. These genes were identifi ed on a 
series of 117 primary breast cancer patients with 
lymph node-negative status (discovery cohort) 
and validated on 295 patients (NKI cohort). Of 
these, 151 patients were lymph node negative 
(including 61 patients from the discovery 
cohort) and 144 were lymph node positive [ 162 , 
 163 ]. The 70-gene signature was able to accu-
rately identify patients at a higher risk of recur-
rence (Fig.  7.5a, b ; poor prognosis group). The 
Kaplan–Meier analysis indicates the patients, 
which are likely to benefi t from aggressive ther-
apy (poor prognosis group). On the other hand, 
the good prognosis group comprises patients 
that could avoid overtreatment. Further prospec-
tive validation of MammaPrint is being con-
ducted through a number of clinical trials such 
as ISPY-I/II and MINDACT [ 164 ,  165 ]. On 
molecular level, the two outcome groups exhibit 
distinct patterns of gene expression (Fig.  7.5c ). 
As shown in the heatmap, patients with high 
risk of recurrence cluster together and are char-

acterized by a combination of over- and under-
expressed genes, and vice versa. In terms of 
functional interpretation, recent studies have 
shown that these 70 genes are regulated by key 
tumorigenesis- associated genes including 
CDKN2A, JUN, MYC, RB1, and TP53 [ 166 ]. 
This is where  high- throughput nature of micro-
arrays serves as a very useful tool as it enables 
researchers to characterize the signature genes 
by integrating activity of known gene–gene 
interactions as well as cancer- associated genes. 
In general, microarray-based gene expression 
activity landscape for any given prognostic sig-
nature serves two important functions beyond 
biomarker discovery: (1) it can shed light on the 
underlying tumor biology of patients with dif-
ferential outcome and/or response to treatment, 
and (2) the signature genes along with their 
interaction partners serve as potential targets 
towards the discovery of cancer drugs.

   From a clinical perspective, MammaPrint test 
can be applied to breast cancer patients (invasive 
carcinoma) satisfying the eligibility criteria as 
outlined in Table  7.5 . If a patient satisfi es these 
criteria, MammaPrint test kit can be ordered 
through its marketing company Agendia. The 
protocol involves extraction of tumor biopsy 
specimens (fresh or paraffi n embedded) and sub-
mission to Agendia for subsequent microarray 
profi ling of 70 genes. The test in turn correlates 
the expression profi le of the 70 genes for that 
patient with a preestablished good prognosis pro-
fi le. Depending upon the strength of similarity 
between the patient’s profi le and the representa-
tive good prognosis profi le, patient’s risk group is 
determined. This dichotomous classifi cation sys-
tem means that if a patient is labeled as low-risk, 
there is a 10 % chance of tumor recurrence within 
10 years without hormonal therapy or chemo-
therapy. However, if a patient is labeled as high- 
risk, there is a 29 % chance of recurrence within 
10 years without hormonal therapy or chemo-
therapy. The risk classifi cation, in combination 
with other risk factors, can guide oncologists on 
the most optimal treatment choices. For instance, 
patients classed as high-risk groups are prime 
candidates for aggressive chemotherapy to reduce 
the risk of metastasis.
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  Fig. 7.5    ( a ,  b ) Kaplan–Meier analysis of patients belong-
ing to low- and high-risk prognosis groups using NKI 
cohort ( n  = 295). ( a ) and ( b ) represent overall and distant 
metastasis-free (DMF) survival, respectively. Groups 
were compared using log-rank test. ( c ) Heatmap of 
expression profi les of 70 genes in NKI cohort.  Rows  rep-
resent genes (HGNC gene symbol, and probe name where 

gene symbol was not available).  Columns  represent 
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poor ( red ) prognosis groups. Re-annotated NKI dataset 
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       The Future of Microarrays 

 While sequencing-based methods continue to 
gain traction in the research community, it is 
likely that microarray technologies will be in use 
for many years. Their combination of low prices, 
high reproducibility, and well-characterized bio-
informatics pipelines makes them ideal for qual-
ity control pipelines and for clinical diagnostics. 
Indeed, it remains standard for next-generation 
sequencing studies to include DNA arrays along-
side whole-genome sequencing studies as both a 
quality assurance [ 167 – 169 ] and to help in the 
detection of cellular heterogeneity [ 170 ,  171 ].     
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          Overview 

 Proteomics is the term used to describe the large- 
scale interrogation of proteins in cells, in tissues, 
or in an organism. Proteomics provides unparal-
leled opportunities to annotate protein expres-
sion, localization, interaction, modifi cation, and 
function. Accordingly, proteomics techniques 
have been instrumental in the discovery of the 
function of proteins and their dysregulation in 
diseased states. Proteomics permit a refi ned view 
of disease biomarkers, protein-protein interac-
tions involved in signaling, and the characteriza-
tion of drug targets. Recently, mass spectrometry 
(MS)-driven proteomics approaches have been 
incorporated into routine clinical diagnostics.  

   Protein Microarrays 

   Principle of Protein Microarrays 

 Technologies that are well-established for DNA/
RNA applications have been adapted for 
protein- based research resulting in the creation 
of protein microarrays. Protein microarrays per-
mit interactions between proteins and capture 

reagents such as antibodies on a solid matrix. 
These may be confi gured as forward-phase 
arrays or reverse- phase arrays, depending on 
whether the sample is captured from a solution 
phase or bound to solid- phase matrixes such as 
membranes or glass (Fig.  8.1 ).

   Forward-phase microarrays permit the simul-
taneous analysis of several parameters per sam-
ple. In forward-phase microarrays, specifi c 
proteins are selectively isolated from biological 
samples such as serum, plasma, cell lysates, or 
cell culture supernatants by using well- 
characterized capture agents such as antibodies, 
full-length proteins, or active protein domains 
that are immobilized onto a solid surface. Each 
spot of the array contains one type of immobi-
lized antibody or bait molecule. Each array may 
be incubated with one sample and the bound ana-
lytes are visualized either by direct labeling of 
the analytes or by using labeled secondary anti-
bodies. Strategies for signal detection include 
fl uorescence, chemiluminescence, and colorime-
try. Current microarray confi gurations permit the 
interrogation and screening of several analytes in 
one experiment. The concept of planar 
microarray- based systems has been successfully 
miniaturized and operationalized into a bead- 
based microarray system where each bead is 
coupled to a specifi c bait molecule. This bead- 
based microarray system provides an advanta-
geous alternative since it is more fl exible, robust, 
highly scalable, and amenable to automation. 

 For reverse-phase microarrays, multiple sam-
ples (tissues or cell lysates) are immobilized as 
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distinct regularly distributed spots in rows and 
columns on a solid support such that the array 
contains numerous spots representing the pro-
teome of different samples. Each microarray is 
incubated with one highly specifi c detection mol-
ecule or antibody, measuring a single analyte 
with direct comparison of the analyte across mul-
tiple samples. This approach allows the detection 
of sets of proteins present in large collections of 
tissue or cell samples.  

   Clinical Applications of Protein 
Microarrays 

 The applications of forward-phase microarrays 
are mainly in use for the detection of different 
protein classes such as cytokines and chemo-
kines, signaling molecules, and/or cancer bio-
markers. Many clinical applications of protein 
microarrays are for the diagnosis of infectious 
diseases or conditions associated with immune 

  Fig. 8.1    Difference between forward-phase and reverse-
phase protein microarrays. ( a ) Forward-phase microarray: 
capture antibodies are fi rst immobilized on the slide sur-
face. These immobilized antibodies are used to capture 

the antigens they recognize in a test sample. ( b ) Reverse-
phase microarray: complex samples are immobilized on 
the surface and targeted by antibodies       
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dysfunction. For example, the AtheNA Multi- 
Lyte  ®  Test System (Zeus Scientifi c) has been 
used for the diagnosis of  Borrelia burgdorferi  
infection by a multiplex sandwich immunoassay 
which quantitatively detects distinct IgG anti-
body to Vlse-1 and distinct IgM antibody to 
pepC10. Another example is the BioPlex™ 2200 
ANA Screen (Bio-Rad Laboratories) which 
detects autoantibodies in serum or plasma and 
has found application as an aid in the diagnosis of 
systemic diseases such as systemic lupus erythe-
matosus, mixed connective tissue disease, undif-
ferentiated connective tissue disease, Sjogren’s 
syndrome, scleroderma, dermatomyositis, poly-
myositis, rheumatoid arthritis, CREST syn-
drome, and Raynaud’s disease.   

   Mass Spectrometry-Based 
Proteomic Analysis 

   Introduction to Mass Spectrometry 

   Instrumentation 
 A mass spectrometer can be broken down into 
four components: an ionization source, ion 
optics, the mass analyzer, and the detector. The 
ionization source allows ions from the sample to 
enter the mass spectrometer either by direct ion-
ization of the sample or by permitting ions 
already formed in the sample to be released. The 
ion optics guide the charged analytes from the 
source to the mass analyzer without contacting 
internal components of the mass spectrometer 
which would neutralize the ion resulting in its 
loss. The mass analyzer selects and controls ions 
based on their mass-to-charge ratio ( m / z ). The 
detector indicates the relative signal intensity of 
the ions selected in the mass analyzer.  

   Ionization Source 
   MALDI 
 J.J. Thomson (1897) is credited with conducting 
the fi rst mass spectrometry (MS) experiment in 
the early 1900s. Initially these MS-based efforts 
were limited to applications in analytical chemis-
try, but advances have broadened its applicability 
to a number of diverse fi elds including clinical 

testing. Two different soft ionization techniques 
pioneered in the late 1980s facilitated the use of 
MS-based approaches in the examination of pro-
teins and peptides. The fi rst was matrix-assisted 
laser desorption/ionization (MALDI) [ 11 ,  23 ] 
(Fig.  8.2a ). MALDI-based proteomic involves 
the co-crystallization of a protein/peptide sample 
on a suitable solid matrix. The vaporization and 
ionization of the protein/peptide sample is 
achieved by pulse irradiation of the surface with 
a laser. This technique generates ions that are 
ejected from the solid support into the gas phase 
and directed into the mass analyzer for analysis, 
fi ltering, and detection.

      Electrospray Ionization 
 Electrospray ionization (ESI) [ 5 ] was another 
technique developed during this time which 
releases ions from solution into the gaseous phase 
at atmospheric pressure through ion desolvation 
(Fig.  8.2b ). As the sample solution elutes under 
pressure from the ESI needle, a high voltage is 
applied to the tip forcing the spray into a Taylor 
cone and driving the ions in solution into smaller 
droplets which are desolvated using heat or dry 
gas as they pass into the mass spectrometer 
through the heated capillary tube. The process is 
generally thought to occur as a result of Coulombic 
explosion whereby ions of the same polarity are 
forced together as the solvent evaporates until the 
concentration of the ions exceeds the surface ten-
sion of the droplet and explodes leaving only 
charged ions to enter the mass analyzer.   

   Ion Optics 
 Ions are drawn into the mass spectrometer and 
guided to the mass analyzer by a series of ion 
optics using a combination of RF and DC volt-
ages or magnetic fi elds under a vacuum gradient. 
Voltages are adjusted such that ions of opposite 
charge to the target analytes and neutrals are lost 
along the way and ions of interest are focused 
into a narrow beam.  

   Mass Analyzers 
 The mass analyzer measures and manipulates 
ions based upon their mass-to-charge ratios ( m / z ) 
ultimately directing the selected ions to an electron 
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multiplier for detection. There are many types of 
mass analyzers; but three commonly used for 
proteomic analysis are time-of-fl ight (TOF), ion 
trap, and quadrupoles. 

   Time-of-Flight 
 In a TOF mass spectrometer, ions are accelerated 
down a fl ight tube by an electric fi eld of known 
strength to impart the same kinetic energy to all 
ions in the fi eld. The velocity of each ion then 
depends on its mass-to-charge ratio causing dif-
ferences in transit time with lighter ions having a 

higher velocity than heavier ions. The time it 
takes each ion to reach the detector is measured, 
and from this time and the known experimental 
parameters, the mass-to-charge ratio of the ion 
can be determined.  

   Ion Traps 
 Ion traps come in various confi gurations but gen-
erally use alternating voltages to trap ions in the 
presence of helium gas in a stable oscillating 
 trajectory based upon their  m / z . Changes in volt-
age can induce resonance excitation causing the 

  Fig. 8.2    Principles of operation of matrix-assisted laser 
desorption/ionization (MALDI) and electrospray ioniza-
tion (ESI). ( a ) MALDI: The protein/peptide sample is 
co-crystallized with a matrix, then the vaporization and 
ionization of the protein/peptide sample is achieved by 
pulse irradiation of the surface with a laser. The matrix 
material heavily absorbs UV laser light, leading to the 
ablation of the upper layer of the matrix. This process 

generates ions that usually are accelerated into a mass 
analyzer for analysis. ( b ) ESI: The liquid containing the 
analyte is dispersed by electrospray into a fi ne aerosol. 
Via evaporation and the Coulomb explosion, large 
charged droplets are sequentially blown apart to form 
smaller droplets until reaching a certain droplet size 
limit, leaving only the discrete peptide sample ions to 
enter the mass analyzer       
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 precursor ions to be ejected sequentially towards 
the detector in a controlled manner. Voltages 
can then be changed to impart suffi cient kinetic 
energy to create collisions between the precursor 
ion and helium gas to generate smaller fragment 
or product ions (MS/MS), which are then directed 
to the detector. Newer variants such as Orbitrap 
offer much greater mass accuracy and confi dence 
in the structural data obtained.  

   Quadrupoles 
 Quadrupoles are made up of a series of four par-
allel rods through which RF currents are applied 
to transmit ions over a range. A combination of 
RF and DC voltages can be applied to provide 
selection based upon the  m / z . Only ions of a cer-
tain  m / z  will be transmitted for a given ratio of 
voltages; ions not selected will have unstable tra-
jectories and collide with the rods. A triple quad-
rupole mass spectrometer is a series of three 
quadrupoles where the fi rst (Q1) and third (Q3) 
act as mass fi lters. The middle quadrupole acts as 
a collision cell using a gas such as Ar for 
collision- induced dissociation (CID) of selected 
precursor ion(s) transmitted from Q1 producing 
fragment or product ions which are passed on to 
Q3 to be scanned or fi ltered. 

 These mass analyzers differ considerably in 
their ability to detect low abundance ions (sensi-
tivity) and discriminate between ions with dif-
ferent  m / z  values (resolution), the extent to 
which the exact mass can be determined (mass 
accuracy), and the minimum and maximum  m / z  
limit of the mass analyzer (mass range). They 
also differ in their capacity to perform tandem 
mass analysis (MS/MS) whereby a precursor 
ion is isolated and then fragmented into product 
ions which are further analyzed. Peptide frag-
mentation occurs in a predictable manner yield-
ing structural information such as the amino 
acid sequence of the peptide or characterization 
of posttranslational protein modifi cations. 
Hybrid instruments containing different types of 
mass analyzers such as a quadrupole TOF can 
combine their strengths to enhance their indi-
vidual characteristics. Selection of an ion source 
and mass analyzer depends on the specifi c 
application.    

   Identifi cation Strategies 

 Mass spectrometry-driven proteomics is gener-
ally approached in either a top-down or bottom-
 up fashion. Top-down proteomics analyzes 
intact proteins or polypeptides eliminating the 
need to use a proteolytic enzyme and preserving 
the intact structural information of the molecule. 
Bottom-up proteomics is more commonly 
employed and uses a proteolytic enzyme such as 
trypsin, which cleaves C-terminal to arginine 
and lysine residues [ 16 ], to digest complex pro-
tein mixtures into peptides. These peptides are 
then separated by liquid chromatography (LC) 
and analyzed by tandem mass spectrometry 
(MS/MS). Precursor and product masses 
obtained can then be matched against translated 
genomic databases modifi ed “in silico” to the 
specifi c cleavage of the proteolytic enzyme used 
producing theoretical precursor and product 
masses for each peptide (Fig.  8.3 ). The experi-
mentally determined values are matched to the 
theoretical values of the peptides in the data-
base. Numerous algorithms are employed to 
identify and provide a confi dence score for the 
proteins and peptides matched. Some of the 
parameters considered for assigning a confi -
dence score to each protein and peptide identi-
fi ed include the correctness of the match, 
uniqueness of the peptide sequence to a particu-
lar protein, overlapping or longer peptide 
sequences, and the number of times a peptide 
sequence is identifi ed in a given sample.

      Quantitative Mass Spectrometry- 
Based Proteomics 

 The ability to identify and quantitatively measure 
protein levels both globally and in a targeted 
fashion is an important component of mass 
spectrometry- based proteomics. Global quantita-
tion of protein levels can be achieved via stable 
isotope labeling of proteins/peptides, using heavy 
peptides as standards and through label-free 
quantitation. Isotope labels can be introduced 
metabolically (i.e., in vivo), chemically, or enzy-
matically (i.e., in vitro). 

8 Proteomics in Cancer Diagnostics



112

   In Vivo Quantifi cation 
 The in vivo technique stable isotope labeling with 
amino acids in cell culture (SILAC) involves met-
abolic labeling of two distinct cellular populations 
in culture media defi cient in a natural amino acid. 
Cells are maintained in culture for 6–7 passages in 
the presence of stable isotopes of the defi cient 
amino acids (heavy Arg, Lys, Leu, or Ile). The two 
populations metabolically incorporate separate 
“light” and “heavy” isotopes into their cellular 
proteins after which they are combined in a 1:1 
ratio and subjected to proteolytic digestion and 
analysis by mass spectrometry. Corresponding 
peptides from each sample co- elute during liquid 
chromatography and relative quantifi cation is 

done by measuring the ratio of the “light” and 
“heavy” isotope from matching peptide/proteins. 
The requirement for viable cells to be maintained 
for 6–7 passages makes the usefulness of this tech-
nique in clinically relevant scenarios unlikely.  

   In Vitro Quantifi cation 
 The in vitro methods for labeling include isotope- 
coded affi nity tagging (ICAT) and isobaric tags for 
relative and absolute quantitation (iTRAQ) as well 
as tandem mass tag (TMT). These methods can be 
adapted to clinical scenarios since cell viability is 
not required for labeling. In the ICAT labeling 
method, cysteine residues are derivatized with a 
reagent containing either a “light” or “heavy” 

  Fig. 8.3    Predicted precursor and product ions. ( a ) 
Tandem mass spectrometry (MS/MS) performed with low 
collision energies, as with ion traps and triple quadrupole 
mass spectrometers, fragment peptides in a predictable 
manner. The example peptide shows the predicted break 

points along the backbone under these conditions and pro-
vides the nomenclature for the C-terminal  b  ions and 
N-terminal  y  ions generated from this fragmentation. ( b ) 
The predicted precursor and product ions ( b  and  y ) for the 
trypsin autolysis peptide LSSPATLN are shown       
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 isotope in separate samples as well as a biotin 
group after which the samples are combined in a 
1:1 ratio and digested with trypsin. The biotin 
group is used for affi nity purifi cation of the cyste-
ine-derivatized peptides followed by mass spec-
trometry analysis. Sample complexity is greatly 
reduced with this approach; however, no quantita-
tive information is available for peptides that do not 
contain a cysteine and is limited to binary compari-
sons between samples. The iTRAQ method is 
another in vitro labeling approach which tags the 
N-terminus amino acid of all peptides with varying 
masses in up to eight different biological samples 
providing simultaneous identifi cation and relative 
quantifi cation. Similarly, the TMT method labels 
primary amines with tags of varying mass allowing 
identifi cation and measurement of protein expres-
sion in up to ten conditions simultaneously. 

   Label-Free Quantifi cation 
 Label-free quantitation methods which do not 
require additional sample preparation and can be 
employed in either in vivo or in vitro scenarios 
are gaining popularity and are increasingly being 
employed as an alternative to label-based 
approaches. These techniques do not require iso-
topic labeling, but instead directly compare sig-
nal intensities across different mass spectrometry 
runs using either the signal intensity of peptide 
precursors or the number of fragment spectra 
identifying peptides of a given protein.  

   Targeted Quantifi cation 
 Absolute quantifi cation (AQUA) is a targeted 
approach using isotope-labeled synthetic peptides 
as standards spiked at known concentrations into 
a sample preparation. Quantitation is achieved by 
comparing the mass spectrometric signal inten-
sity, area, or area ratio of the synthetic peptide(s) 
to its endogenous counterpart in the sample. 
Alternatively, all peptides in a sample can be com-
pared to the synthetic peptide to obtain qualitative 
information on relative protein abundance.    

   Multiple Reaction Monitoring 

 Multiple reaction monitoring (MRM) and 
selected reaction monitoring (SRM) are terms 
often used interchangeably to refer to a targeted 
proteomic mass spectrometry technique where 
specifi c peptide ions from complex sample 
matrixes undergo selection—fragmentation—
selection based upon their  m / z  using quadrupole 
mass analyzers (Fig.  8.4 ) [ 13 ]. Samples are typi-
cally digested with trypsin and separated by 
nano-LC eluting into the source of a triple quad-
rupole mass spectrometer where precursor pep-
tide ions with predetermined m/z values are 
allowed to pass through the fi rst quadrupole 
(Q1). Ions selected in Q1 are transmitted to 
the second quadrupole (Q2) where CID of the 
precursor ions occurs. Specifi c collision energies 

  Fig. 8.4    Multiple reaction monitoring (MRM) using a tri-
ple quadrupole mass spectrometer. Multiple co-eluting 
charged analytes enter the mass spectrometer from the 
chromatographic system and are transmitted to the fi rst 
quadrupole (Q1) using the ion optics. Ionized peptide pre-
cursors with specifi c predefi ned mass-to-charge ratios ( m / z ) 

are selected in the fi rst quadrupole (Q1) and transmitted to 
the second quadrupole (Q2) where collision-induced dis-
sociation (CID) causes peptide fragmentation. Detection 
and quantifi cation of the target analyte are achieved follow-
ing selective transmission in the third quadrupole (Q3) of a 
predefi ned product ion to the detector       
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are applied to each precursor ion entering Q2 to 
generate suffi cient velocity for peptide bonds to 
break as they collide with neutral gas molecules 
such as helium or argon that are pumped into 
the chamber. These product ions derived from the 
fragments of the precursor are transmitted to 
the third quadrupole (Q3) where specifi c prede-
termined product ions are passed to the electron 
multiplier for detection and positive identifi ca-
tion of the target analyte. The power of MRM 
experiments is in allowing numerous proteins of 
interest to be selectively identifi ed and quanti-
tated in complex biological backgrounds.

      Protein Posttranslational 
Modifi cation Analysis by Mass 
Spectrometry 

   Phosphoproteomics 
 Phosphoproteomics involves the large-scale study 
of the phosphorylation state and specifi c modifi ca-
tion sites of proteins within a protein sample 
obtained from tissues, cells, organelles, complex 
protein mixtures, or singular proteins. Reversible 
protein phosphorylations at serine, threonine, and 
tyrosine residues represent fundamental and highly 
evolutionarily conserved types of posttranslational 
protein modifi cations which control essential cellu-
lar processes including metabolism, growth, cell 
cycle, motility, and differentiation [ 10 ,  20 ]. The 
Human Genome Project identifi ed more than 520 
protein kinases and 130 protein phosphatases with 
tight and reversible control of protein phosphoryla-
tion. Deregulation of protein phosphorylation 
underlies the pathogenesis of many human diseases 
including diabetes, cardiovascular diseases [ 27 ], 
immune disorders [ 15 ], and cancer [ 2 ]. Recently, 
there has been an exponential increase of interest in 
tyrosine kinases (TKs) due to the remarkably suc-
cessful introduction of specifi c tyrosine kinase 
inhibitors (TKIs) for the treatment of cancer. Indeed, 
many TKIs have been approved by the US Food 
and Drug Administration (FDA) as routine thera-
peutic options for certain human cancers [ 4 ]. 

 Due to the low stoichiometry of phosphoryla-
tion as a posttranslational modifi cation, strategies 
for enrichment of the phosphoproteome are 
required prior to analysis to improve opportunities 

to detect phosphorylation by mass  spectrometry. 
Several methods are well-described for phospho-
peptide or phosphoprotein enrichment such as 
strong cation exchange chromatography (SCX), 
immobilized metal affi nity chromatography 
(IMAC), metal oxide affi nity chromatography 
(MOAC) [ 14 ], and immunoaffi nity purifi cation 
(IAP) with high affi nity anti-phosphotyrosine anti-
bodies [ 19 ]. The fi rst three methods are used for 
global phosphorylation enrichment and enrich for 
proteins that are phosphorylated at tyrosine, ser-
ine, or threonine residues. With the identifi cation 
and quantifi cation of phosphorylated peptides 
extracted from samples, intracellular signaling 
networks can be generated to highlight pathophys-
iological mechanisms. Global phosphoproteomics 
provides insights into pathways involved in physi-
ologic or pathologic cellular responses that occur 
during the initiation or maintenance of disease 
phenotypes. Such knowledge has proven valuable 
in the development of targeted therapeutics for 
management of several conditions.  

   Glycoproteomics 
 Glycosylation represents the most common of all 
known posttranslational modifi cations, and like 
the majority of cell surface proteins, receptor TKs 
also are glycoproteins with asparagine-(N)-linked 
oligosaccharides (N-glycans). Since glycopep-
tides often constitute a minor proportion of com-
plex peptide mixtures, several strategies have been 
developed to reduce the sample complexity and 
enrich glycoprotein content. One glycoprotein 
enrichment method is lectin affi nity chromatogra-
phy. In 2003, Zhang et al. suggested a new method 
for the selective isolation of N-glycosyl peptides 
[ 28 ]. This method for glycoprotein capture 
involves glycoprotein oxidation which converts 
the  cis -diol groups of carbohydrates to alde-
hydes. These aldehydes are then derivatized with 
 hydrazide groups immobilized on a solid 
support to form covalent hydrazone bonds. After 
protease digestion with trypsin, N-glycopeptides 
are released using peptide N-glycosidases 
(PNGase F). The identifi cation and quantifi cation 
of N-glycopeptides lead to characterization of pro-
teins that are mainly expressed at the plasma mem-
brane and, therefore, could be useful as potential 
diagnostic biomarkers.   
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   Clinical Applications of Qualitative 
Mass Spectrometry Proteomic 
Analysis 

   Amyloid Typing by Mass Spectrometry 
 Amyloidosis is an accumulation of amorphous 
insoluble protein deposits in extracellular space. 
Apple-green birefringence on Congo red staining 
has traditionally been used as the method of 
detection. The advent of mass spectrometry has 
permitted MS-based proteomics to be utilized in 
combination with tissue microdissection for the 
diagnosis and typing of amyloidosis [ 6 ,  25 ]. With 
this approach, specifi c clinical variants of amy-
loidosis have been correlated with the predomi-
nant protein components within the amyloid 
deposits in the tissue specimens. Using MS-based 
proteomics, various forms of amyloidosis have 
been defi ned, including AL amyloidosis (lambda/
kappa light chain), heavy chain amyloidosis, AA 
amyloidosis, fi brinogen-a-amyloidosis, LECT2 
amyloidosis, and other types. The accuracy and 
sensitivity of this approach may rationalize its 
replacement of Congo red staining as the method 
of choice for the diagnosis of amyloid.  

   Imaging Mass Spectrometry 
 Imaging mass spectrometry entails the use of 
MALDI-TOF MS for profi ling and imaging pro-
teins directly from tissue sections [ 22 ]. This appli-
cation provides specifi c in situ information on the 
composition, relative abundance, and spatial dis-
tribution of peptides and proteins in the analyzed 
tissue section. An area of a tissue section to be ana-
lyzed is coated uniformly with a matrix solution 
by air spraying which becomes physically bound 
and co-crystallized with the tissue. The co-crystal-
lized area is subjected to MALDI using a discrete 
Cartesian pattern of laser shot spots. The distance 
between the spots is fi xed and depends on the cho-
sen resolution which typically ranges from 10 to 
100 μm. From the intensity of a given  m / z  value 
monitored in each spectrum, a two-dimensional 
ion density image is reconstructed using special-
ized software. When full images are not required, 
but rather data from discrete targeted areas within 
the tissue are needed, a histology-directed profi l-
ing approach can be employed. Several studies 
have shown the potential of imaging mass spec-

trometry for molecular profi ling and biomarker 
identifi cation of prostate cancer [ 7 ,  21 ], prediction 
of the response to neoadjuvant chemotherapy and 
radiation or HER2 status in breast cancer [ 1 ,  18 ], 
classifi cation and survival prediction in lung can-
cer [ 9 ], and determination of molecular tumor 
margins [ 17 ]. The principal drawbacks of imaging 
mass spectrometry are the fact that almost 90 % of 
the observed signals are below  m / z  of 30,000 with 
poor resolution of signal above  m / z  of 50,000.  

   Clinical Applications of Multiple 
Reaction Monitoring Mass 
Spectrometry 
 As reviewed above, MRM or SRM is a method of 
analysis performed on a triple quadrupole mass 
spectrometer that permits selective analysis of spe-
cifi c analytes. Prostate-specifi c antigen (PSA) is a 
biomarker used in the diagnosis and surveillance of 
prostate cancer. In 2009, Fortin et al. published a 
sensitive SRM assay to detect PSA in the sera of 
patients with either benign prostate hyperplasia or 
prostate cancer [ 8 ]. They demonstrated a limit of 
detection of the PSA peptide LSEPAELTDAVK of 
1.5 ng/mL by SRM mass spectrometry. The PSA 
levels measured by SRM mass spectrometry were 
validated using the VIDAS TPSA ELISA (bio-
Mérieux) with a reliable correlation between these 
two technologies ( r  2  = 0.99). Several other studies 
established SRM mass spectrometry assays as a 
useful method to detect and quantify different bio-
markers such as C-reactive protein (CRP) [ 12 ] and 
inter-α-trypsin inhibitor heavy chain 4 (ITIH4) 
[ 24 ]. A proof-of- principle study demonstrated the 
potential of SRM mass spectrometry to profi le and 
quantify a high-frequency KRAS missense muta-
tion in colorectal and pancreatic tumors [ 26 ]. Given 
the frequent role of chimeric oncogenic fusions in 
the pathogenesis and diagnosis of cancers, MRM 
could potentially play a prominent role in the sensi-
tive and specifi c identifi cation of cancers. In this 
regard, Conlon et al. have demonstrated the ability 
of MRM to accurately identify chimeric fusion 
proteins found in several different forms of human 
cancer. In particular, a tryptic fusion peptide char-
acteristic of NPM-ALK-positive anaplastic large 
cell lymphoma (ALCL) was used to interrogate tis-
sue biopsy  material from patients with ALCL 
(Fig.  8.5 ). These studies offer promise that chimeric 
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  Fig. 8.5    An extracted ion chromatogram showing a tar-
geted quantitative approach of the NPM-ALK fusion pep-
tide using MRM mass spectrometry and stable isotopic 
standards. ( a ) An illustration of the tryptic NPM-ALK 
fusion peptide showing the amino acids contributed by 
each protein. ( b ) A single chromatographic run of a sam-
ple spiked with stable isotopic NPM-ALK fusion peptide 
standards is shown with retention times indicated at the 
top of the peaks. The inset to the upper right shows an 

expanded view of the NPM-ALK fusion peptide signal. 
The inset to the lower right shows a standard curve derived 
from the sample of interest after dividing it into separate 
aliquots and spiking each with an isotopic “double heavy” 
NPM-ALK fusion peptide at a constant concentration and 
an isotopic “heavy” NPM-ALK fusion peptide at varying 
concentrations. The co-eluting endogenous peptide signal 
from each injection is then compared to the curve gener-
ated to determine the concentration       
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fusion peptides can be used as cancer-specifi c bio-
markers that might be applicable in clinical con-
texts using MRM mass spectrometry [ 3 ].

        Conclusion 

 Proteomic approaches are poised to play a promi-
nent role in routine cancer diagnostics. The rapid 
development of sophisticated and user-friendly 
technologies with high sensitivity and specifi city 
will promote the deployment of proteomic 
approaches in the clinical laboratory.     
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          Introduction 

 Circulating tumor cells (CTC) were fi rst 
described by Thomas Ashworth, an Australian 
physician, in 1869 [ 1 ], while in 1889 Steve Paget 
in the very fi rst historical issue of Lancet 
described “The Seed and Soil Hypothesis,” a 
hypothesis revisited many years later by Fidler 
[ 2 ]. During the last decade, the critical role that 
CTC play in the metastatic spread of cancer has 
been widely recognized [ 3 – 5 ]. The clinical 
importance of CTC detection and enumeration 
has been established in several clinical studies, 
and a correlation with decreased progression-free 
survival (PFS) and overall survival (OS) has been 
shown in many types of solid cancers. 

 CTC analysis provides a unique source of can-
cer cells that can be used as a noninvasive liquid 
biopsy for the continuous follow-up of cancer 
patients, when the primary tumor is already sur-
gically removed. CTC are outstanding tools for 
understanding tumor biology and tumor cell dis-
semination and their molecular characterization 
offers an exciting approach to better understand 
the biology of metastasis and resistance to estab-
lished therapies [ 6 ,  7 ]. However, since CTC are 
circulating in peripheral blood at low concentra-

tions in most cases, the amount of available 
sample for analysis is very limited and this, 
together with their heterogeneity, presents a for-
midable analytical and technical challenge for 
their  isolation, detection, and molecular charac-
terization. The emerging interest in the analysis 
of CTC is refl ected in the growing number of 
publications in this fi eld (Fig.  9.1 ).

      Clinical Signifi cance of CTC 

   Breast Cancer 

 Very recently, the fi rst comprehensive meta- 
analysis of published literature on the prognostic 
relevance of CTC in patients with early-stage and 
metastatic breast cancer (MBC) clearly indicated 
that the detection of CTC is a reliable prognostic 
factor [ 8 ]. 

   Metastatic Breast Cancer 
 In patients with MBC, Cristofanilli and col-
leagues have clearly shown many years ago by 
using the CellSearch system (Veridex, USA) 
that CTC represent an independent prognostic 
factor for PFS and overall survival (OS) and that 
a cut- off of 5 CTC/7.5 ml of blood in MBC 
patients was highly predictive of clinical out-
come [ 9 ]. This seminal paper led to the FDA 
clearance of the CellSearch assay that revolution-
ized the clinical applications of CTC in many 
types of cancer, since it is standardized, semiau-
tomated, and not subjected to pre-analytical errors. 
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Since then, a plethora of clinical studies have 
verifi ed the importance of CTC enumeration in 
MBC [ 10 – 14 ]. 

 Could CTC clearance be used as a “surrogate” 
marker for potentially improved survival of 
breast cancer patients? In the offi cial website of 
the National Institutes of Health, a search (Nov 
2012) on clinical studies, based on the key word 
“Circulating Tumor Cells,” revealed 479 ongoing 
clinical studies, while the combination 
“Circulating Tumor Cells and breast cancer” 
revealed 116 ongoing clinical studies. These tri-
als have different designs in various patient popu-
lations but are expected to be the pivotal trials for 
CTC implementation in the routine management 
of breast cancer patients [ 15 ]. 

 For all these reasons, the American Society of 
Clinical Oncology (ASCO) cited CTC and dis-
seminated tumor cells (DTC) for the fi rst time in 
its 2007 recommendations on tumor markers, 
but in the category of insuffi cient evidence to 
support routine use in clinical practice [ 16 ]. Very 
recently, the American Joint Committee on 
Cancer has proposed a new category, M0(i+), for 
TNM staging in BC defi ned as “ no clinical or 
radiographic evidence of distant metastases ,  but 
deposits of molecularly or microscopically 
detected tumor cells  ( no larger than 0.2 mm )  in 
blood ,  bone  marrow ,   or other non - regional nodal 

tissue in a patient without symptoms or signs of 
metastases .”  

   Early Breast Cancer 
 In bone marrow the detection of DTC in breast 
cancer patients at the time of primary diagnosis 
has been confi rmed to be of prognostic signifi -
cance by a large pooled analysis by Braun and 
colleagues already in 2005 [ 17 ]. The heterogene-
ity of DTC has already been shown many years 
ago [ 18 ,  19 ]. Since then, the prognostic impact of 
DTC in breast cancer patients has been shown in 
numerous studies [ 20 ,  21 ]. According to the 
results recently reported by the Norwegian group 
in Oslo, the presence of DTC after neoadjuvant 
chemotherapy indicated a high risk for disease 
relapse and death, irrespective of the DTC status 
before treatment. These fi ndings support the 
potential use of DTC analysis as a monitoring 
tool during follow-up, for the selection of patients 
who are candidates for secondary treatment inter-
vention within clinical trials [ 22 ]. Janni and col-
leagues recently reported that the persistence of 
DTC after adjuvant therapy in breast cancer 
patients signifi cantly predicted an increased risk 
for subsequent relapse and death and can serve as 
a clinically useful monitoring tool [ 23 ]. However, 
bone marrow sampling is very invasive and 
patients do not easily accept repeated follow-up 

  Fig. 9.1    CTC detection and analysis is a fast emerging fi eld that has the potential to contribute to cancer patient diag-
nosis, prognosis, and response to therapy, as well as for accelerating oncologic drug development       
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examinations. The analysis of CTC in peripheral 
blood represents a noninvasive alternative to 
bone marrow analysis of DTC. 

 In peripheral blood the prognostic value of 
 CK - 19  mRNA-positive CTC in axillary lymph 
node-negative breast cancer patients, based on a 
nested RT-PCR, was already shown in 2002 [ 24 ]. 
Later on, by using a real-time RT-qPCR assay for 
 CK-19  RNA [ 25 ,  26 ], CTC detection was shown 
to be an independent prognostic factor for 
reduced disease-free and overall survival before 
[ 27 ], during [ 28 ], and after [ 29 ] chemotherapy in 
early breast cancer. Detection of  CK - 19  mRNA- 
positive CTC before adjuvant chemotherapy pre-
dicted poor clinical outcome mainly in patients 
with ER-negative, triple-negative, and HER-2- 
positive early-stage breast cancer [ 30 ]. When the 
prognostic signifi cance of  CK - 19  mRNA- positive 
CTC in peripheral blood of women with early- 
stage breast cancer after the completion of adju-
vant chemotherapy was evaluated, it was found 
that the detection of  CK - 19  mRNA-positive CTC 
in the blood after adjuvant chemotherapy was an 
independent risk factor indicating the presence of 
chemotherapy-resistant residual disease [ 29 ]. 
However, when the prognostic value of DTC and 
CTC was compared in early breast cancer by 
using another method, it was reported that only 
the presence of DTC was highly predictive for 
OS [ 31 ]. When CTC were prospectively detected 
before and after neoadjuvant chemotherapy in a 
phase II trial it was found that detection of one or 
more CTC in 7.5 ml of blood before neoadjuvant 
chemotherapy can accurately predict OS [ 32 ]. A 
more recent study investigating the value of CTC 
detection during the fi rst 5 years of follow-up in 
predicting late disease relapse has shown that 
persistent detection of  CK - 19  mRNA-positive 
CTC during the fi rst 5 years of follow-up was 
associated with an increased risk of late disease 
relapse and death in patients with operable breast 
cancer and indicated the presence of chemo- and 
hormonotherapy-resistant residual disease. This 
may be useful when deciding on subsequent 
adjuvant systemic therapy [ 33 ]. Lucci et al. pro-
spectively collected data on CTC at the time of 
defi nitive surgery from chemonaïve patients with 
stage 1–3 breast cancer. They enumerated CTC 

and assessed outcomes at a median follow-up of 
35 months. According to their fi ndings, the pres-
ence of one or more CTC predicted early recur-
rence and decreased overall survival in 
chemonaïve patients with non-metastatic breast 
cancer [ 34 ].  

   Ductal Carcinoma In Situ (DCIS) 
 Despite the general belief that only invasive can-
cers are assumed to shed isolated tumor cells into 
the bloodstream and infi ltrate lymph nodes, latest 
studies indicated that tumor cell dissemination 
may occur before stromal invasion, i.e., in DCIS. 
This can be explained by that these cells have 
started already to disseminate from preinvasive 
mammary lesions or represent the earliest step of 
microinvasion in a preinvasive lesion [ 35 ,  36 ]. 
The clinical relevance of these cells has to be 
 further evaluated.    

   Colorectal Cancer 

 A very recent systematic review and meta- 
analysis that investigated the prognostic value of 
CTC and DTC in patients with resectable colorec-
tal liver metastases or widespread metastatic 
colorectal cancer (mCRC), and was based on 
data reported in 12 studies representing 1,329 
patients, showed that the detection of CTC in 
peripheral blood of patients with resectable 
colorectal liver metastases or widespread mCRC 
is associated with disease progression and poor 
survival [ 37 ]. 

   Metastatic Colorectal Cancer 

 Cohen and colleagues were the fi rst to show in 
2008 that the number of CTC before and during 
treatment was an independent predictor of PFS 
and OS in patients with mCRC. In this prospec-
tive multicenter study, CTC were enumerated in 
the peripheral blood of 430 patients with mCRC 
at baseline and after starting fi rst-, second-, or 
third-line therapy by using the CellSearch sys-
tem. This study led to the FDA clearance of the 
CellSearch assay for mCRC [ 38 ]. 
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 CTC enumeration before and during treatment 
independently predicts PFS and OS in advanced 
colorectal cancer (CRC) patients treated with 
chemotherapy plus targeted agents and provides 
additional information to CT imaging [ 39 ]. 
Recent data support the clinical utility of CTC 
enumeration in improving the clinician’s ability 
to accurately assess oxaliplatin-based chemo-
therapy treatment benefi t and in expediting the 
identifi cation of effective treatment regimens for 
individual patients [ 40 ]. By using immunomag-
netic enrichment for CTC followed by real-time 
RT-qPCR analysis of the tumor-associated genes 
 KRT19 ,  MUC1 ,  EPCAM ,  CEACAM5 , and 
 BIRC5 , de Albuquerque and colleagues have 
shown that CTC detection during treatment was 
signifi cantly correlated with radiographic fi nd-
ings at the 6-month staging and patients with 
CTC positivity at baseline had a signifi cant 
shorter median PFS compared with patients with 
no CTC. This study showed a strong correlation 
between CTC detection and radiographic disease 
progression in patients receiving chemotherapy 
for CRC [ 41 ]. 

 Jiao and colleagues found that surgical resec-
tion of metastases, but not radiofrequency abla-
tion, immediately decreases CTC levels. In 
patients with colorectal liver metastases, CTC 
appear localized to the hepatic (and pulmonary) 
macrocirculations. This may explain why metas-
tases in sites other than the liver and lungs are 
infrequently observed in cancer [ 42 ]. The quali-
tative and quantitative detection of CTC in the 
central and mesenteric venous blood compart-
ments was investigated to elucidate the patterns 
of hematogenous tumor cell dissemination in 
patients with CRC. This study has shown that 
qualitative and quantitative detection of CTC is 
higher in the mesenteric venous blood compart-
ments of patients with CRC [ 43 ].  

   Non-metastatic Colorectal Cancer 

 Currently one of the challenges facing medical 
oncologists is the identifi cation of patients at 
higher risk of recurrence after primary CRC 
resection. CTC may represent a surrogate marker 

of an early disease spread in patients without 
overt metastases. However, the prognostic sig-
nifi cance of CTC in non-metastatic CRC is less 
clear than in mCRC. A recent review examined 
the possible clinical signifi cance of CTC in non- 
metastatic CRC (TNM stage I–III) with the pri-
mary focus on detection methods and prognosis. 
According to the fi ndings reported in this review, 
the presence of CTC in peripheral blood is a 
potential marker of poor disease-free survival in 
patients with non-metastatic CRC. The low abun-
dance of CTC in non-metastatic CRC requires 
very sensitive and specifi c detection methods. An 
international consensus on choice of detection 
method and markers is needed before incorporat-
ing CTC into risk stratifi cation in the clinical set-
ting [ 44 ]. 

 Gazzaniga and colleagues have recently come 
to the conclusion that CTC detection might help 
in the selection of high-risk stage II CRC patient 
candidates for adjuvant chemotherapy, after enu-
merating CTC with the FDA-cleared CellSearch 
system. They detected CTC in 22 % of patients 
with a signifi cant correlation with regional lymph 
nodes involvement and stage of disease [ 45 ].   

   Prostate Cancer 

 Although the metastatic cascade in prostate cancer 
is yet to be fully understood, monitoring CTC and 
quantifying the load of tumor cell dissemination 
can be used for estimating prognosis and monitor-
ing treatment success [ 46 ]. Unmet needs in pros-
tate cancer drug development and patient 
management are the ability to monitor treatment 
effects and to identify therapeutic targets at the 
time treatment is being considered. CTC enumera-
tion at baseline and posttreatment is of prognostic 
value, with no threshold effect, and the shedding 
of cells into the circulation represents an intrinsic 
property of the tumor, distinct from extent of dis-
ease. The clinical utility of monitoring CTC 
changes with treatment, as an effi cacy- response 
surrogate biomarker of survival, is currently being 
tested in large phase III trials, with the novel 
antiandrogen therapies abiraterone acetate (AA) 
and MDV3100. Molecular determinants can be 
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identifi ed and characterized in CTC as potential 
predictive biomarkers of tumor sensitivity to a 
therapeutic modality [ 47 ]. 

   Metastatic Prostate Cancer 

 In 2001, Moreno and colleagues investigated the 
diurnal variations in CTC in metastatic carci-
noma of the prostate and concluded that CTC lev-
els can be quantifi ed in the circulation of patients 
with metastatic prostate cancer and that the 
change in the number of CTC correlates with dis-
ease progression with no diurnal variations [ 48 ]. 
In 2007, Danila and colleagues evaluated the 
association of baseline CTC number with clinical 
characteristics and survival in patients with cas-
trate metastatic disease considered for different 
hormonal and cytotoxic therapies. Baseline CTC 
was predictive of survival, with no threshold 
effect. The shedding of cells into the circulation 
represents an intrinsic property of the tumor, dis-
tinct from extent of disease, and provides unique 
information relative to prognosis [ 49 ]. 

 In 2008, de Bono and colleagues showed that 
CTC enumeration by using the CellSearch plat-
form has prognostic and predictive value in 
patients with metastatic castration-resistant pros-
tate cancer (CRPC) and is an independent predic-
tor of overall survival. Their data led to the FDA 
clearance of this assay for the evaluation of 
CRPC [ 50 ]. CTC numbers, analyzed as a contin-
uous variable, predict OS and provide indepen-
dent prognostic information to time to disease 
progression; CTC dynamics following therapy 
need to be evaluated as an intermediate end point 
of outcome in randomized phase III trials and can 
be used to monitor disease status [ 51 ,  52 ]. 

 Real-time PCR assays of Kallikrein gene 
mRNAs are highly concordant with CellSearch 
CTC results in patients with CRPC.  KLK2 / 3  
(KLK3 is also known as PSA)-expressing CTC 
are common in men with CRPC and bone metas-
tases but are rare in patients with metastases 
diagnosed only in soft tissues and patients with 
localized cancer [ 53 ]. 

 Resel and colleagues analyzed the correlation 
between CTC and PSA level, Gleason score, and 

TNM stage in patients with metastatic hormone- 
sensitive prostate cancer and reported that CTC 
count in peripheral blood could provide a method 
for correctly staging prostate cancer and for 
assessing the prognosis of metastatic hormone- 
sensitive cancer [ 54 ]. Combination of CTC and 
PSA velocity or doubling-time assessments may 
offer insights into the prognosis and management 
of advanced prostate cancer [ 55 ].  

   Early-Stage Prostate Cancer 

 Within 10 years of radical prostatectomy up to 30 
% of prostate cancer patients will have a rise in 
PSA, requiring radiation therapy. However, with 
current technology, distinction between local and 
distant recurrent prostate cancer is not possible. 
This lack of an accurate test constrains the deci-
sion whether to offer systemic or local treatment. 
CTC and DTC have been detected in prostate 
cancer and may be new surrogate candidates. The 
current prognostic signifi cance of CTC/DTC in 
prostate cancer patients has been recently exten-
sively reviewed [ 56 ]. Lowes and colleagues 
hypothesized that tests for detecting CTC in the 
blood may assist with clinical decision-making 
and investigated in a pilot study whether CTC 
could be detected in early-stage prostate cancer 
patients receiving salvage radiotherapy using the 
CellSearch system. Their results demonstrated 
that CTC can be detected in early-stage cancer 
and suggest the possibility that posttreatment 
reduction in CTC levels may be indicative of 
radiation therapy response [ 57 ].   

   Molecular Characterization of CTC 
and Individualized Treatment 

 Molecular characterization of CTC is very impor-
tant to increase the diagnostic specifi city of CTC 
assays and to investigate therapeutic targets and 
their downstream pathways in CTC [ 58 ]. 
Molecular characterization of CTC is now a hot 
research topic and a lot of interesting information 
is exponentially accumulating in a number of 
cancers. As an example, to improve patient 
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selection, assessing mutation status in CTC, 
which possibly better represent metastases than 
the primary tumor, could be advantageous [ 59 ]. 
We strongly believe that this information will 
have a great impact on the clinical management 
of patients, hopefully sooner than anticipated.  

   Breast Cancer 

   HER-2 and ER/PR Status in CTC 

 According to accumulating data CTC may have a 
different hormone receptor and HER-2 status 
than the primary tumor. There is a growing body 
of evidence that the HER-2 status can change 
during disease recurrence or progression in breast 
cancer patients. Based on this, it is clear that 
reevaluation of HER-2 status by assessment of 
HER-2 expression on CTC is a strategy with 
potential clinical application. Monitoring of 
HER-2 expression on CTC might be useful in tri-
als with anti-HER-2 therapies. An optimal indi-
vidualized treatment could then be selected by 
characterizing ERα and HER-2 status in CTC 
and comparing it to the primary tumor [ 60 ]. 

 It was shown in 2004 that HER-2 gene amplifi -
cation by FISH is present in CTC and that admin-
istration of trastuzumab could eliminate CTC 
since a high proportion of these cells expressed the 
HER-2 receptor [ 61 ,  62 ]. Recently, Georgoulias 
and colleagues have shown in a pilot randomized 
study that the administration of trastuzumab can 
eliminate chemotherapy- resistant  CK19  mRNA-
positive CTC, reduce the risk of disease recur-
rence, and prolong the DFS [ 63 ]. 

 The existence of tumor-initiating cells in 
breast cancer has profound implications for can-
cer therapy. Magnifi co and colleagues investi-
gated the sensitivity of tumor-initiating cells 
isolated from HER-2 overexpressing carcinoma 
cell lines to trastuzumab and they provided evi-
dence for the therapeutic effi cacy of trastu-
zumab in debulking and targeting 
tumor-initiating cells of HER-2 overexpressing 
tumors [ 64 ]. HER-2- positive CTC were detected 
in DCIS/LCIS or M0 breast cancer irrespective 
of the primary tumor HER-2 status. Nevertheless, 

their presence was more common in women 
with HER-2-positive disease [ 65 ]. 

 In a prospective study, Fehm and colleagues 
reported that HER-2-positive CTC could be 
detected in a relevant number of patients with 
HER-2-negative primary tumors [ 66 ]. The same 
investigators reported that most of the CTC were 
“triple-negative.” Since the expression profi le 
between CTC and the primary tumor differs, the 
consequence for the selection of adjuvant treat-
ment has to be evaluated [ 67 ]. 

 According to fi ndings reported by Rack and 
colleagues, trastuzumab is effective in clearing 
HER-2-positive cells from bone marrow during 
recurrence-free follow-up of breast cancer patients. 
Given the heterogeneity of minimal residual dis-
ease, these patients might benefi t from a combina-
tion of targeted treatment approaches [ 60 ]. 

 Estrogen receptor (ER)-positive breast cancer 
often recurs many years after the initial diagno-
sis, and understanding the patterns of timing of 
relapse could identify patients who need more 
aggressive treatment. Reliable prediction of early 
treatment failure may identify patients who 
require adjuvant therapy to prevent the early 
onset of distant metastases. When  CK - 19  mRNA- 
positive cells were prospectively and longitudi-
nally detected in 119 patients with estrogen and/
or progesterone receptor-positive tumors during 
the period of tamoxifen administration, multi-
variate analysis revealed that the detection of  CK - 
19     mRNA-positive cells during the administration 
of tamoxifen was associated with an increased 
risk of relapse [ 28 ]. Exploiting the molecular dif-
ferences between early versus late recurrences 
may also guide the development of effective 
novel drug combinations in this group of patients. 
Towards this goal, a recent study by Liu and col-
leagues provided clear evidence that robust 
molecular differences exist between ER-positive 
breast cancers that recur early on versus much 
later, despite adjuvant tamoxifen; this group ana-
lyzed gene-expression data from breast tumor 
biopsies, and then correlated them with the devel-
opment of distant metastases. What emerged was 
a 91-gene classifi er that reliably separates early 
recurrences (distant relapse ≤3 years from diag-
nosis) from late recurrences (≥10 years) [ 68 ].  
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   Epithelial–Mesenchymal Transition 
and Stem Cell Markers 

 The persistence of CTC in breast cancer patients 
might be associated with stem cell-like tumor 
cells which have been proposed to be the active 
source of metastatic spread in primary tumors 
[ 69 ]. Current models suggest that the invasive 
phenotype appears to be associated with an epi-
thelial–mesenchymal transition (EMT), which 
enables detachment of tumor cells from a pri-
mary site and migration. The reverse process of 
mesenchymal–epithelial transition (MET) might 
play a crucial role in the further steps of metasta-
sis when CTC settle down in distant organs and 
establish metastasis. Nevertheless, the exact 
mechanisms and interplay of EMT and MET are 
only partially understood and their relevance in 
cancer patients is unclear. A subset of CTC 
shows EMT and stem cell characteristics. 
Research groups have just started to apply EMT-
related markers in their studies of CTC in cancer 
patients. In a recent review, the current state of 
investigations on CTC in the context of research 
on EMT/MET is discussed in detail [ 70 ]. 

 Aktas and colleagues reported that a major 
proportion of CTC of MBC patients show EMT 
and tumor stem cell characteristics [ 71 ]. Moreover 
CTC co-expressing TWIST and vimentin, sug-
gestive of EMT, were identifi ed in patients with 
metastatic and early breast cancer patients. The 
high incidence of these cells in patients with met-
astatic compared to early-stage breast cancer 
strongly supports the hypothesis that EMT is 
involved in the metastatic potential of CTC [ 72 ]. 
A recent study showed that a subset of primary 
breast cancer patients shows EMT and stem cell 
characteristics but the currently used detection 
methods for CTC are not effi cient to identify the 
subgroup of CTC which underwent EMT [ 73 ].  

   Activated Kinases and Angiogenic 
Molecules 

 It was also shown by immunofl uorescence that 
CTC express receptors and activated signaling 
kinases of the EGFR/HER-2/PI3K/Akt pathway, 

which could be used as targets for their effective 
elimination [ 74 ] as well as pFAK, HIF-1 alpha, 
VEGF, and VEGF2 [ 75 ]. These data could explain 
the metastatic potential of these cells and may 
provide a therapeutic target for their elimination.   

   Colorectal Cancer 

 Molecular characterization of CTC could provide 
important information for improving the manage-
ment of CRC patients. In mCRC, the presence of 
 KRAS  and  BRAF  mutations is currently assessed 
in the primary tumor, since it has been shown to 
refl ect anti-EGFR therapy effi cacy. The mutation 
status of  KRAS  and  BRAF  in CRC patients match-
ing primary tumors, liver metastasis, and CTC 
was very recently investigated, and it was interest-
ing to fi nd discordance between primary tumors, 
CTC, and metastatic tumors [ 76 ]. 

 Gasch and colleagues isolated CTC from 
patients with metastatic and non-metastatic CRC 
and further assessed EGFR expression,  EGFR  
gene amplifi cation, and  KRAS ,  BRAF , and  PIK3CA  
mutations in single CTC. They demonstrated a 
considerable intra- and interpatient heterogeneity 
of EGFR expression and genetic alterations in 
 EGFR ,  KRAS , and  PIK3CA  in CTC, possibly 
explaining the variable response rates to EGFR 
inhibition in patients with CRC [ 77 ]. Barbazán and 
colleagues isolated CTC by EpCAM-based immu-
nobeads and performed whole transcriptome 
amplifi cation and hybridization onto cDNA micro-
arrays. They found 410 genes that characterized the 
CTC population, that were related to cell move-
ment and adhesion, cell death and proliferation, 
and cell signaling and interaction. When the 
expression of genes related to the main cellular 
functions characterizing the CTC population was 
evaluated by RT-qPCR in an independent series of 
mCRC patients, controls showed a correlation of 
CTC-gene expression with clinical parameters and 
prognosis signifi cance [ 78 ]. 

 A very recent and interesting study by the 
group of M. Mori has shown that Plastin3 is a 
novel marker for CTC undergoing EMT and is 
associated with CRC prognosis. They found that 
PLS3 was expressed in mCRC cells but not in 
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normal circulation and by using fl uorescent 
immune-cytochemistry, they clearly showed that 
PLS3 was expressed in EMT-induced CTC in 
peripheral blood from patients with CRC with dis-
tant metastasis. PLS3-expressing cells were 
detected in the peripheral blood of approximately 
one-third of an independent set of 711 Japanese 
patients with CRC. Multivariate analysis showed 
that PLS3-positive CTC was independently asso-
ciated with prognosis and that the association 
between PLS3-positive CTC and prognosis was 
particularly strong in patients with Duke B and 
Duke C [ 79 ].  

   Prostate Cancer 

 To improve future drug development and patient 
management for patients with CRPC, surrogate 
biomarkers that are linked to relevant outcomes 
are urgently needed. This area is rapidly evolv-
ing, with recent trials incorporating the detection 
of CTC, imaging, and patient-reported outcome 
biomarkers [ 80 ]. 

 In CRPC persistence of ligand-mediated 
androgen receptor signaling has been docu-
mented. Abiraterone acetate (AA) is an andro-
gen biosynthesis inhibitor shown to prolong life 
in patients with CRPC already treated with che-
motherapy. AA treatment resulted in dramatic 
declines in PSA only in a subset of patients and 
no declines in others, suggesting the presence of 
molecular determinants of sensitivity in tumors. 
Androgen deprivation therapy is initially effec-
tive in treating metastatic prostate cancer, and 
secondary hormonal therapies are being tested 
to suppress androgen receptor (AR) reactivation 
in CRPC. 

 Danila and colleagues studied the role of 
transmembrane protease, serine 2 (TMPRSS2)-
v-ets erythroblastosis virus E26 oncogene homo-
log (ERG) fusion, an androgen-dependent growth 
factor, in CTC as a biomarker of sensitivity to 
AA. Molecular profi les of CTC with an analyti-
cally valid assay identifi ed the presence of the 
prostate cancer-specifi c TMPRSS2-ERG fusion 
but did not predict for response to AA treatment. 
This fi nding demonstrates the role of CTC as 

surrogate tissue that can be obtained in a routine 
practice setting [ 81 ]. 

 Miyamoto and colleagues presented data that 
prostate-specifi c antigen/prostate-specifi c mem-
brane antigen (PSA/PSMA)-based  measurements 
of AR signaling in CTC enable real-time quanti-
tative monitoring of intra-tumoral AR signaling. 
This fi nding indicates that measuring AR signal-
ing within CTC may help to guide therapy in 
metastatic prostate cancer and highlights the use 
of CTC as liquid biopsy [ 82 ]. 

 FISH analysis of CTC has been shown to be a 
valuable, noninvasive surrogate for routine 
tumor profi ling. Leversha and colleagues 
assessed the feasibility of characterizing gene 
copy number alteration by FISH in CTC in 
patients with progressive metastatic CRPC. They 
have shown that FISH analysis of CTC can be a 
valuable, noninvasive surrogate for routine 
tumor profi ling. The fi nding that as many as 50 
% of these patients have substantial amplifi ca-
tion of the AR locus indicates that androgen sig-
naling continues to play an important role in 
late-stage prostate cancer [ 83 ]. Recent results by 
Darshan and colleagues suggest that monitoring 
AR subcellular localization in the CTC of CRPC 
patients might predict clinical responses to tax-
ane chemotherapy [ 84 ]. 

 Coding mutations in the AR gene have been 
identifi ed in tissue samples from patients with 
advanced prostate cancer and represent a possible 
mechanism underlying the development of 
CRPC. AR mutations have been identifi ed in 
CTC-enriched peripheral blood samples from 
CRPC patients. This approach has the potential 
to open new perspectives in understanding CTC 
and the mechanisms for tumor progression and 
metastasis in CRPC [ 85 ]. It was also recently 
shown that the majority (>80 %) of CTC in 
patients with metastatic CRPC co-express epithe-
lial proteins such as EpCAM, cytokeratins, and 
E-cadherin, with mesenchymal proteins includ-
ing vimentin, N-cadherin, and O-cadherin, and 
the stem cell marker CD133 [ 86 ]. 

 BRCA1 allelic imbalances were detected 
among CTC in multifocal prostate cancer. By 
using FISH analysis of primary tumors and 
lymph node sections, and CTC from peripheral 
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blood Bednarz and colleagues found that 14 % of 
133 tested patients carried monoallelic BRCA1 
loss in at least one tumor focus. BRCA1 losses 
appeared in a minute fraction of cytokeratin- and 
vimentin-positive CTC. Small subpopulations of 
prostate cancer cells bearing BRCA1 losses 
might be one confounding factor initiating tumor 
dissemination and might provide an early indica-
tor of shortened DFS [ 87 ]. 

 Hormone-driven expression of the ERG onco-
gene after fusion with TMPRSS2 occurs in 30–70 
% of therapy-naive prostate cancers. Attard et al. 
have used multicolor FISH to show that CRPC 
CTC, metastases, and prostate tissue invariably 
had the same ERG gene status as therapy-naive 
tumors and reported a signifi cant association 
between ERG rearrangements in therapy-naive 
tumors, CRPC, and CTC and magnitude of PSA 
decline ( P  = 0.007) in CRPC patients treated with 
abiraterone acetate [ 88 ]. 

 Little information exists regarding the utility 
of CTC enumeration in hormone-sensitive pros-
tate cancer. Goodman and colleagues enumerated 
CTC in 33 consecutive patients undergoing 
androgen deprivation therapy and their data 
revealed that initial CTC values predict the dura-
tion and magnitude of response to hormonal ther-
apy. CTC enumeration may identify patients at 
risk of progression to CRPC before initiation of 
androgen deprivation therapy [ 89 ]. 

 Stott and colleagues developed a quantita-
tive automated imaging system for analysis of 
prostate CTC, taking advantage of PSA. The 
specifi city of PSA staining enabled optimiza-
tion of criteria for baseline image intensity, 
morphometric measurements, and integration 
of multiple signals in a three-dimensional 
microfl uidic device. The prostate cancer-spe-
cifi c TMPRSS2- ERG fusion was detectable in 
RNA extracted from CTC from patients with 
metastatic disease, and dual staining of cap-
tured CTC for PSA and the cell division marker 
Ki67 indicated a broad range for the proportion 
of proliferating cells among CTC. This method 
for analysis of CTC will facilitate the applica-
tion of noninvasive tumor sampling to direct 
targeted therapies in advanced prostate cancer 
and warrants the initiation of long-term clini-

cal studies to test the importance of CTC in 
invasive local disease [ 90 ]. 

 Circulating endothelial cells, CTC, and tissue 
factor levels alone and combined can predict OS 
in CRPC patients treated with docetaxel-based 
therapy [ 91 ]. Coumans and colleagues evaluated 
the association between circulating objects posi-
tive for epithelial cell adhesion molecules and 
cytokeratin (EpCAM+CK+) that are not counted 
as CTC and survival in patients with prostate can-
cer and came to the conclusion that each 
EpCAM+CK+CD45− circulating object showed 
a strong association with overall survival 
( P  < 0.001). This class included small tumor mic-
roparticles (S-TMP), which did not require a 
nucleus and thus are unable to metastasize [ 92 ].  

   Quality Control in CTC Analysis 

 Since the detection of CTC has been shown to be 
of considerable utility in the clinical management 
of patients with solid cancers, a plethora of ana-
lytical systems for their isolation and detection 
have been developed and are still under develop-
ment and their number is increasing at an expo-
nential rate [ 93 – 96 ]. Since CTC are very rare 
(1 CTC in 10 6 –10 7  leukocytes) [ 97 ], in most cases 
they are specifi cally detected by using a combi-
nation of two steps: (a) isolation-enrichment and 
(b) detection. The detailed presentation of these 
systems is beyond the scope of this review. 

 All these advanced technologies recently 
developed for CTC isolation and detection are 
very promising for providing useful assays for 
oncological drug development, monitoring the 
course of disease in cancer patients, and in under-
standing the biology of cancer progression. 
However, comparison of different methods for 
CTC enumeration and characterization by using 
the same samples and quality control is an impor-
tant issue for the clinical use of CTC analysis as 
a liquid biopsy. Following the path to regulatory 
and general clinical acceptance for technologies 
currently under development and standardization 
of CTC detection and characterization method-
ologies are important for the incorporation of 
CTC into prospective clinical trials. 
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 Critical issues concerning the standardized 
detection of CTC include (a) the standardization 
of the pre-analytical phase such as sampling itself 
(e.g., sample volume, avoidance of epidermal 
epithelial cells co-sampling in case that epithelial 
markers such as  CK - 19  will be later used for 
CTC detection), sample shipping (stability of 
CTC under different conditions), and storage 
conditions (use of preservatives, or anticoagu-
lants); (b) standardization of CTC isolation 
through use of spiking controls in peripheral 
blood; (c) standardization of detection systems; 
and (d) interlaboratory and intra-laboratory com-
parison studies for the same samples. The devel-
opment of international standards for CTC 
enumeration and characterization is also very 
important especially in imaging detection sys-
tems that are observer-dependent [ 94 ,  95 ]. 

 However, the phenotypic heterogeneity of 
CTC and their low numbers in the blood stream 
of patients, together with differences in pre- 
analytical sample processing, has led to the col-
lection and accumulation of inconsistent data 
among independent studies [ 95 ]. There is still a 
lot to be done for the automation, standardiza-
tion, quality control, and accreditation of analyti-
cal methodologies used for CTC isolation, 
detection, and molecular characterization.  

   Conclusions: Future Directions 

 The main implication of CTC analysis is based 
on their unique potential to offer a minimally 
invasive “liquid biopsy” sample, easily obtain-
able at multiple time points during the course of 
the disease which can provide valuable informa-
tion on the very early assessment of treatment 
effi cacy and can help towards establishing indi-
vidualized treatment approaches that will 
improve effi cacy with less cost and side effects 
for cancer patients. 

 Further research on the molecular character-
ization of CTC will provide important informa-
tion for the identifi cation of therapeutic targets 
and understanding resistance to therapies. The 
molecular characterization of CTC and DTC at 
the single cell level is very promising and highly 

challenging especially in combination with next 
generation sequencing technologies [ 98 – 101 ]. 
Even if this is still far from being considered to 
be applied in a routine clinical setting, it holds a 
great promise for the future management of can-
cer patients. 

 The detection rates of CTC using different 
analytical systems vary considerably and there 
is a clear need for an external quality control 
system for CTC enumeration and validation of 
fi ndings for the same samples by participating 
laboratories. Microscopic detection systems 
used in CTC cytological methods are highly 
observer- dependent, so the development of 
international standards for CTC enumeration 
and characterization is of utmost importance in 
this case. Cross validation of fi ndings between 
different labs, using the same or different detec-
tion and enumeration platforms, is urgently 
needed. Especially the application of modern 
powerful technologies such as next generation 
sequencing in CTC analysis will enable the elu-
cidation of molecular pathways in CTC and lead 
to the design of novel molecular therapies tar-
geting specifi cally CTC. 

 One of the main clinical issues that are cur-
rently being addressed in CTC is to evaluate 
whether CTC detection can lead to a change in 
the management of cancer patients and can 
result in improved clinical outcome. This has 
not yet been fully proved. Therefore, the chal-
lenge of using CTC as novel tumor biomarkers 
is currently evaluated in clinical trials. In con-
clusion, the clinical use of CTC as a “liquid 
biopsy” for selection of patients and real-time 
monitoring of therapies will have a major impact 
in personalized medicine.     
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         Myeloid Neoplasms 

 Myeloid neoplasms are a heterogeneous group 
of disorders involving precursors of granulo-
cytes, monocytes, erythrocytes, and platelets. 
Myeloid neoplasms may manifest with abnor-
mally high numbers of circulating mature cells, 
may exhibit ineffective hematopoiesis and cyto-
penias, or may be characterized by a prolifera-
tion of immature cells. Genetic testing of 
myeloid neoplasms is critically important, as 
many entities are defi ned by the genetic aberra-
tions that they harbor, and therapy may change 
dramatically depending upon genetic fi ndings. 
Table  10.1  gives an overview of genetic tests 
that are commonly performed to evaluate 
myeloid neoplasms. These tests are discussed in 
detail in the subsequent sections.

      Myeloproliferative Neoplasms 

   Chronic Myelogenous Leukemia 

 Chronic myelogenous leukemia (CML) is defi ned 
and caused by the  BCR - ABL1 gene fusion, which 
is formed by the translocation of chromosomes 9 
and 22. The fusion of  BCR  and  ABL1  leads to 
constitutive activation of the ABL1 tyrosine 
kinase [ 1 ], resulting in panmyelosis with marked 
proliferation of granulocytes and their precur-
sors. While all CML cases harbor the  BCR - ABL1  
fusion, it is important to note that this fusion is 
not unique to CML, as it is present in a large per-
centage (20–30 %) of adult de novo B lympho-
blastic leukemia/lymphoma (B-ALL/LBL) [ 2 ]. 

 CML is paradigmatic of a neoplasm with a 
defi ned, targeted therapy. The development of 

   Table 10.1    Established molecular tests for the assessment of the myeloid neoplasms   

 Molecular marker  Neoplasm  Specimen type  Molecular assay  Clinical utility 

  BCR - ABL1   CML, B-ALL  Blood or BM  RT-PCR a ; FISH  Diagnosis, MRD, 
therapy 

  BCR - ABL1  kinase 
mutation 

 CML, B-ALL  Blood or BM  Sequencing  Therapy 

  JAK2  V617F  PV, PMF, ET  Blood or BM  PCR  Diagnosis 
  JAK2  exon 12  PV  Blood or BM  PCR/sequencing  Diagnosis 
  MPL   PMF, ET  Blood or BM  PCR/sequencing  Diagnosis 
  KIT  D816V  Mastocytosis  BM  PCR  Diagnosis 
  PDGFRA ,  PDGFRB   M/L NE  Blood or BM  FISH  Diagnosis, therapy 
  FGFR1   M/L NE  Blood or BM  FISH  Diagnosis 
  PML - RARA   AML  Blood or BM  RT-PCR a , FISH  Diagnosis, MRD, 

therapy 
  MLL  rearrangement  AML  Blood or BM  FISH  Diagnosis 
  RUNX1 - RUNX1T1 , 
 CBFB - MYH11  

 AML  Blood or BM  FISH, RT-PCR  Diagnosis 

  FLT3 -ITD  AML  Blood or BM  PCR  Diagnosis 
  NPM1   AML  Blood or BM  PCR  Diagnosis, 

+/− MRD 
  CEBPA   AML  Blood or BM  Sequencing  Diagnosis 

   CML  chronic myelogenous leukemia,  ALL  acute lymphoblastic leukemia,  BM  bone marrow,  PCR  poly-
merase chain reaction,  RT - PCR  reverse transcription polymerase chain reaction,  FISH  fl uorescence in 
situ hybridization,  MRD  minimal residual disease,  PV  polycythemia vera,  PMF  primary myelofi brosis, 
 ET  essential thrombocythemia,  M / L NE  myeloid/lymphoid neoplasms with eosinophilia 
  a These assays are commonly performed quantitatively; the other listed PCR assays are typically 
qualitative  
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imatinib (STI571) and other tyrosine kinase 
inhibitors (TKI) with activity against  BCR - ABL1  
has revolutionized the treatment of CML [ 3 ,  4 ]. 
The effi cacy of treatment can be monitored by 
assessing the levels of  BCR - ABL1  transcripts in 
affected patients [ 5 ]. Over time, resistance to TKI 
therapy develops, frequently due to  ABL1  kinase 
mutations. Some mutations impart resistance to 
certain TKIs and susceptibility to others, and so 
the identifi cation of the specifi c mutation present 
in a patient’s tumor allows personalized selection 
of a targeted TKI [ 6 ]. In CML, molecular testing 
is crucial at all stages of therapy, from establish-

ing the diagnosis through monitoring and predic-
tion of response to therapy. 

 There are several variants of the  BCR - ABL1  
fusion transcript [ 7 ,  8 ] (Fig.  10.1 ). The break-
point in  ABL1  almost always occurs upstream of 
the second exon, leading to juxtaposition of exon 
2 (a2) with one of several possible  BCR  exons. 
Several breakpoint regions are common in  BCR . 
The most common region in CML is called the 
major breakpoint region (M-bcr) and leads to 
juxtaposition of either exon 13 (e13 or b2) or 
exon 14 (e14 or b3) with a2, generating e13a2 or 
e14a2 transcripts that produce a protein with a 

  Fig. 10.1    The t(9;22)(q34;q11) translocation and associ-
ated BCR-ABL1 fusion products. The translocation of 
chromosomes 9 and 22 leads to the juxtaposition of the 
 BCR  and  ABL1  genes and is cytogenetically recognizable 
by the presence of the Philadelphia (Ph) chromosome. A 
large breakpoint region upstream of  ABL1  exon 2 is joined 
with one of several  BCR  breakpoint regions. In CML the 
M-bcr (major) breakpoint region is most common (~98 % 
cases) and leads to juxtaposition of either  BCR  exon 13 or 

14 to  ABL1  exon 2, producing e13a2 or e14a2 transcripts 
and a 210 kDa BCR-ABL1 fusion protein (p210). This 
transcript is also found in B-ALL/LBL. Fusion of the  BCR  
minor breakpoint region (m-bcr) with  ABL1  exon 2 leads 
to e1a2 transcripts and a 190 kDa protein (p190). This 
transcript is associated with B-ALL/LBL and only rarely 
occurs in CML. The micro breakpoint region (μ-bcr) is 
rare and juxtaposes  BCR  exon 19 with  ABL1  exon 2, 
resulting in e19a2 transcript and a 230 kDa (p230) protein       
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molecular weight of 210 kDa (p210). B-ALL/
LBL cases frequently have a structurally  different 
 BCR - ABL1  fusion involving the minor break-
point region (m-bcr), with juxtaposition of  BCR  
exon 1 (e1) with a2 (e1a2). This e1a2 product 
produces the p190 fusion protein and is uncom-
mon in CML. A third far more rare fusion event 
involves the micro breakpoint region (μ-bcr) in 
 BCR , leading to exon 19 fusion with a2 and a 
protein product designated p230. The p230 prod-
uct is associated with a “chronic neutrophilic leu-
kemia” phenotype [ 9 ], but is considered a CML 
variant in the World Health Organization (WHO) 
classifi cation [ 10 ]. Other extremely rare variants 
have been identifi ed, but these are uncommonly 
encountered in clinical practice [ 11 ].

   Although  BCR - ABL1  fusions typically occur 
through formation of the Philadelphia chromo-
some, which is readily detectable by metaphase 
cytogenetics, approximately 5 % of  BCR - ABL1  
fusions are cytogenetically cryptic [ 10 ]; there-
fore, more sensitive techniques are mandatory 
to fully exclude CML in suspicious cases (Fig. 
 10.2 ). Fluorescence in situ hybridization (FISH) 
identifi es essentially all  BCR - ABL1  fusion vari-
ants, and dual-color, dual-fusion assay designs 
have excellent sensitivity and specifi city at 
diagnosis [ 12 ]. The utility of FISH in the fol-
low-up setting is limited, and reverse transcrip-
tion polymerase chain reaction (RT-PCR) 
testing is the mainstay for disease monitoring. 
RT-PCR assays generally detect both the M-bcr 

  Fig. 10.2    Molecular tests for BCR-ABL1. ( a ) 
Quantitative  BCR - ABL1  testing. Real-time reverse tran-
scription PCR (RT-PCR) is a sensitive means to detect 
and quantify  BCR - ABL1  transcripts across a 4–6 log 
range of  BCR - ABL1  levels. Amplifi cation products can 
be detected during each PCR cycle using a fl uorescent 
probe specifi c to the PCR product. The accumulated 
fl uorescence in log(10) value is plotted against the num-
ber of PCR cycles. For a given specimen, the PCR cycle 
number is measured when the increase in fl uorescence 
is exponential and exceeds a threshold. This point is 
called the quantifi cation or threshold cycle (Ct), which 
is inversely proportional to the amount of PCR target in 
the specimen (i.e., lower Ct values indicate greater 
amount of target). Calibration standards of known quan-
tity are used in standard curves to calculate the amount 
of target in a tested specimen. Shown are real-time 
RT-PCR plots of calibration standards for  BCR-ABL1  

quantitation. Note that PCR increases the amount of 
amplifi cation product by a factor of 2 with each PCR 
cycle. Therefore specimens that produce a Ct value that 
is 1 cycle lower are expected to have a twofold higher 
concentration of target. Specimens that differ in target 
concentration by a factor of 10 (as shown) are expected 
to be 3.3 cycles apart (2 3.3  = 10). Note the calibration 
samples with 500 and 50 copies of  BCR - ABL1  produced 
Ct values of 29.7 and 33.0, respectively. ( b )  ABL1  
kinase mutation testing. A variety of substitution muta-
tions within the ABL1 kinase domain of BCR-ABL1 
can lead to differential resistance to TKI therapies. 
Sanger sequencing of this region within the  BCR - ABL1  
transcript is a preferred method to detect the variety of 
mutations. Shown is a sequencing trace of a C to T 
nucleotide transition leading to a threonine (Thr) to iso-
leucine (Ile) substitution at amino acid 315 (T315I). A 
wild-type trace is included for reference       
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and m-bcr rearrangements, which together 
account for nearly all  BCR-ABL1  fusion events 
[ 11 ]. Once the diagnosis of CML has been 
established, TKI therapy is initiated and  BCR -
 ABL1  transcripts are  monitored by quantitative 
RT-PCR every 3 months [ 13 ]. The goal of TKI 
therapy is to induce a complete cytogenetic 
response and, ideally, a major molecular 
response (MMR), which is assessed by quanti-
fying  BCR - ABL1  transcript levels. An MMR is 
defi ned by a greater than 3 log reduction of 
 BCR - ABL1  mRNA from a standardized base-
line level in the international scale (IS). The IS 
is itself derived from patient values in the 
International Randomized Study of Interferon 
and STI571 (IRIS) trial [ 5 ]; by defi nition, an 
MMR exists at IS values of <0.1 %. Laboratories 
establish a conversion factor for their individ-
ual quantitative  BCR - ABL1  assay in order to 
translate their result to an IS value, which then 
allows patients to be monitored across laborato-
ries and institutions.

   If an appropriate initial response to TKI therapy 
is not obtained at 3 months, if there are increasing 
(log-fold change)  BCR - ABL1  transcripts later in 
therapy, or if there is other evidence of disease pro-
gression, then  ABL1  kinase domain mutation test-
ing is considered [ 14 ]. TKI resistance is 
multifactorial; approximately half to three fourths 
of patients have  ABL1  kinase mutations that con-
tribute to resistance [ 15 ]. Numerous secondary 
 ABL1  kinase domain mutations have been 
described [ 6 ]; therefore, Sanger sequencing is 
used to allow unbiased detection of all the possible 
variants [ 6 ]. Individual  ABL1  mutations may lead 
to resistance against some TKIs but preserved sus-
ceptibility to others. One of the most notorious 
mutations involves a substitution of isoleucine for 
the threonine at position 315 (T315I), which 
imparts resistance to imatinib, dasatinib, and nilo-
tinib [ 13 ]. Recently, novel TKIs have been devel-
oped that have shown promise in targeting the 
T315I mutation [ 16 ]. Identifi cation of  ABL1  muta-
tions allows appropriate, patient-specifi c selection 
of TKIs with activity against the particular resis-
tance mutation that a patient’s tumor harbors and 
helps select patients for whom hematopoietic stem 
cell transplantation is appropriate.  

   BCR-ABL1-Negative 
Myeloproliferative 
and Myelodysplastic/
Myeloproliferative Neoplasms 

 By defi nition, all non-CML myeloproliferative 
neoplasms (MPNs) lack  BCR - ABL1  fusion. The 
most common  BCR - ABL1 -negative MPNs are 
polycythemia vera (PV), primary myelofi brosis 
(PMF), and essential thrombocythemia (ET), all 
of which are characterized by uncontrolled pro-
liferation of one or more hematopoietic lineages. 
PV leads to marked proliferation of red blood 
cells and is essentially defi ned by the presence of 
a mutation in Janus kinase 2 ( JAK2 ), a tyrosine 
kinase important in cytokine signal transduction. 
 JAK2  V617F is the most common mutation in 
PV, present in approximately 95 % of cases [ 17 –
 19 ]. The remaining 5 % of cases typically have 
other mutations in  JAK2 , most often in exon 12 
[ 20 ]. Both PMF and ET may also have  JAK2  
V617F mutations, although at a much lower fre-
quency than in PV (approximately 40–50 %) 
[ 17 – 19 ,  21 ].  JAK2  exon 12 mutations are not 
present in these disorders; however, myeloprolif-
erative leukemia virus oncogene ( MPL ), which 
encodes the thrombopoietin receptor, is occa-
sionally mutated in PMF and ET (approximately 
5 % of patients) [ 22 ]. 

 Although JAK inhibitors are now available, 
the primary clinical utility of  JAK2  and  MPL  test-
ing is diagnostic. There are many reactive causes 
of thrombocytosis and erythrocytosis, and the 
identifi cation of a  JAK2  or  MPL  mutation is help-
ful to establish the presence of an MPN [ 10 ]. JAK 
inhibition is not analogous to  BCR-ABL1- 
targeted   therapy. Both patients with and without 
 JAK2  mutations may derive some benefi t from 
JAK inhibition, and the currently available JAK 
inhibitors have little effect on the size of the 
mutant clone and do not induce “molecular 
remissions” in  JAK2 -mutated patients [ 23 ]. 
Therefore, quantitative serial assessment of 
 JAK2 V617F is not currently indicated for thera-
peutic monitoring [ 24 ]. 

 Myelodysplastic/myeloproliferative neoplasms 
(MDS/MPN) are clonal myeloid disorders that 
exhibit a combination of both proliferative and 
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dysplastic hematopoiesis. By defi nition, these 
disorders lack  BCR - ABL1  fusion, and tests for this 
translocation are a necessary part of the workup of 
MDS/MPNs. The two historically best understood 
disorders in this category are typifi ed by a mono-
cytic expansion: chronic myelomonocytic leuke-
mia (CMML) and juvenile myelomonocytic 
leukemia (JMML). Aside from exclusion of  BCR -
 ABL1 , molecular testing has not been a prominent 
part of the routine evaluation of CMML. CMML is 
genetically heterogeneous, with common muta-
tions involving  TET2 ,  KRAS ,  NRAS ,  CBL ,  SRSF2 , 
and  ASXL1  [ 25 – 28 ]. Studies have suggested that 
identifi cation of  ASXL1  mutations may inform 
prognostic stratifi cation [ 29 ]. In JMML, mutations 
in genes involved in the RAS signaling pathway are 
present in most cases. Commonly mutated genes in 
JMML include  NF1 ,  PTPN11 ,  NRAS ,  KRAS , and 
 CBL  [ 30 ]. The current WHO diagnostic criteria are 
not fully specifi c for JMML, as some viral illnesses 
may exhibit similar features. Therefore, revised 
diagnostic criteria for JMML have been proposed 
that incorporate molecular testing of these genes 
[ 31 ]. Atypical chronic myeloid leukemia ( BCR -
 ABL1  negative) (aCML) is an MDS/MPN that har-
bors  SETBP1  mutations in approximately 25 % of 
cases [ 32 ]. Recently, the entities of aCML and 
chronic neutrophilic leukemia (CNL), a rare MPN, 
have been somewhat unifi ed by the identifi cation 
of activating mutations in  CSF3R  in a combined 59 
% of patients with these uncommon neoplasms 
[ 33 ].  CSF3R  mutations appear particularly preva-
lent in CNL, present in 8 of 9 cases [ 33 ]. As CNL 
is extremely challenging to distinguish from reac-
tive neutrophilia, identifi cation of a somatic muta-
tion is diagnostically helpful and suggests the 
utility of targeted therapies directed at this dysregu-
lated signaling pathway [ 33 ].  

   Mastocytosis 

 Mastocytosis is an MPN characterized by a neo-
plastic proliferation of mast cells. Many clinical 
subtypes of mastocytosis exist, broadly catego-
rized into cutaneous mastocytosis (CM) and sys-
temic mastocytosis (SM) [ 10 ]. Activating point 
mutations of  KIT , a receptor tyrosine kinase, are 

frequently present in the neoplastic cells. In 
adults with systemic mastocytosis, approxi-
mately 95 % of cases have a single aspartate to 
valine substitution at position 816 (D816V) [ 10 , 
 34 ], and detection of the  KIT  D816V mutation is 
a minor criterion for establishing a diagnosis of 
SM [ 10 ]. Identifi cation of the  KIT  D816V muta-
tion requires use of an assay with a very low limit 
of detection, such as allele-specifi c polymerase 
chain reaction (PCR), due to the low numbers of 
neoplastic mast cells typically found in bone 
marrow aspirates of patients with SM. Other less 
common  KIT  mutations exist in SM, and they are 
more frequent than D816V in pediatric patients 
with CM [ 35 ,  36 ]. However, assays for non- 
D816V  KIT  mutations are not frequently per-
formed when evaluating for mastocytosis given 
their rarity in SM and the typically indolent 
course of CM.  

   Myeloid/Lymphoid Neoplasms 
with Eosinophilia and Rearranged 
PDGFRA, PDGFRB, and FGFR1 

 A subset of myeloid and, less commonly, lym-
phoid neoplasms associated with eosinophilia 
have rearrangements involving  PDGFRA , 
 PDGFRB , or  FGFR1  [ 10 ]. Identifi cation of neo-
plasms with  PDGFRA  or  PDGFRB  rearrange-
ments is particularly important, as they respond 
exquisitely to imatinib [ 37 ,  38 ], and the clinical 
consequences of unchecked eosinophilia can be 
severe. These gene fusions can (and in the case of 
 PDGFRA  must) be identifi ed by FISH or other 
molecular techniques. A cytogenetically cryptic 
interstitial deletion on chromosome 4 leads to the 
fusion of  PDGFRA  with a nearby gene,  FIP1L1 . 
This leads to loss of the intervening material, 
including the gene  CHIC2 . Common FISH 
designs for translocations (dual-color fusion, 
break-apart) are not optimal to detect this rear-
rangement given the close proximity of the fused 
genes. Therefore, the typical FISH strategy for 
 FIP1L1-PDGFRA  identifi cation detects the loss 
of the  CHIC2  gene [ 39 ].  PDGFRB  has multiple 
translocation partners, and so a break-apart FISH 
strategy can be employed to detect rearrangements. 
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 FGFR1  rearrangements are often associated with 
an immature lymphoid neoplasm with an aggres-
sive clinical course [ 40 ].  FGFR1  rearrangements 
are not targeted by imatinib but may respond to 
novel TKI therapies [ 41 ].   

   Myelodysplastic Syndromes 

 Myelodysplastic syndromes (MDS) are clonal 
myeloid neoplasms characterized by ineffective 
hematopoiesis and peripheral cytopenias, often 
with subsequent bone marrow failure or acute 
leukemic transformation. Cytogenetic abnormal-
ities are detectable in approximately 45 % of 
patients by metaphase cytogenetics [ 42 ] and typi-
cally consist of gains or losses of large regions of 
chromosomes. These karyotypically recogniz-
able abnormalities allow risk stratifi cation of 
patients with MDS and are incorporated into 
widely used clinical algorithms to determine 
appropriate therapy [ 43 – 45 ]. FISH assays are 
often used to identify many of the more common 
genetic alterations (del (5q)/-5, del(7q)/-7, 
del(20q), +8), and the identifi cation of a clonal 
abnormality can be very helpful in morphologi-
cally challenging cases. However, in the setting 
of an adequate cytogenetic analysis with normal 
results, the additional use of FISH does not detect 
a signifi cant number of cryptic abnormalities 
[ 46 ]. Routine use of MDS FISH is therefore not 
indicated: FISH analysis should be reserved for 
specimens with inadequate growth for  cytogenetic 
analysis or perhaps for cases with morphologic 
features suggestive of an MDS with isolated 
del(5q) (anemia with or without thrombocytosis, 
<5 % blasts, no Auer rods, increased monolobate 
megakaryocytes) and a normal karyotype [ 10 ]. 

 In contrast with FISH, unbiased genome-wide 
analytic techniques such as single nucleotide 
polymorphism arrays (SNP-A) may signifi cantly 
improve detection of clonality in MDS [ 47 – 49 ]. 
SNP-A analysis has a much higher resolution 
than metaphase cytogenetics and can identify 
karyotypically silent aberrations such as copy- 
neutral loss of heterozygosity (acquired unipa-
rental disomy), which may be functionally 
equivalent to a deletion [ 48 ]. Appropriate incor-

poration of these technologies into clinical prac-
tice remains a challenge, although clinically 
relevant prognostic information can be obtained 
[ 47 ]. In addition to the well-established copy 
number alterations present in MDS, the prognos-
tic and therapeutic signifi cance of single gene 
mutations is currently being explored. One large 
study has suggested that mutations of  TP53 , 
 EZH2 ,  ETV6 ,  RUNX1 , or  ASXL1  are associated 
with poor outcome, independent of cytogenetic 
risk category [ 50 ]. The discovery of mutations in 
multiple spliceosome genes in MDS [ 27 ] further 
adds to our understanding of the disease and pro-
vides more genes that may be relevant for risk 
stratifi cation in the future [ 51 ,  52 ].  

   Acute Myeloid Leukemia 

 Acute myeloid leukemia (AML) is the most com-
mon group of acute leukemia affecting the adult 
population. Better understanding of the molecular 
pathogenesis of this heterogeneous group of diseases 
has led to the utilization of cytogenetic abnormalities 
and single gene mutations, in conjunction with mor-
phology, for subclassifi cation of AML [ 10 ]. 

   Recurrent Cytogenetic Abnormalities 
in AML 

 Pretreatment chromosomal abnormalities are the 
most important predictor of outcome and are 
detected in over half of adult AML [ 10 ,  53 – 59 ]. 
The 2008 WHO classifi cation recognizes distinct 
AML entities based on these recurrent cytoge-
netic abnormalities. Table  10.2  summarizes these 
subgroups and their predicted prognosis. A pre-
treatment cytogenetic analysis is a mandatory 
part of the diagnostic workup of any suspected 
case of AML. FISH on metaphase cells can help 
confi rm cytogenetic abnormalities identifi ed in a 
karyotype. Much like in MDS, routine FISH 
analysis for recurrent genetic abnormalities is not 
necessary in the setting of a successful conven-
tional cytogenetic analysis [ 60 ,  61 ]. However, in 
cases where the cytogenetic analysis fails or is 
of poor quality, or in cases with morphologic 
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suspicion for a specifi c undetected cytogenetic 
aberration, interphase FISH can be useful to 
detect abnormalities such as  RUNX1 - RUNX1T1 , 
 CBFB - MYH11    , and  MLL  rearrangements [ 61 ]. 
RT-PCR assays to detect recurrent fusion genes 
have also been developed [ 62 ]; however, with the 
notable exception of  PML - RARA , these are not 
routinely used for diagnosis or monitoring.

      Acute Promyelocytic Leukemia 

 One of the most common recurrent cytogenetic 
abnormalities in AML is t(15; 17),  PML - RARA , 
accounting for approximately 10–12 % of AMLs. 
This rearrangement approximates the myeloid 
transcription factor  RARA  (retinoic acid receptor, 
alpha) to  PML  (promyelocytic leukemia), typi-
cally giving rise to two new fusion transcripts, 
 PML - RARA  and  RARA - PML . The PML-RARA 
chimeric protein leads to a myeloid differentia-
tion block that is the hallmark of acute promyelo-
cytic leukemia (APL) and is critical for its 
pathogenesis and is the basis for its treatment 
[ 63 ,  64 ]. All-trans retinoic acid (ATRA), a vita-
min A-derived substance, unblocks and promotes 
terminal cell differentiation of the myeloid lin-
eage by promoting degradation of the PML- 
RARA fusion protein [ 65 ,  66 ]. 

 Given the availability of targeted therapy with 
a very high cure rate and the high incidence of 
catastrophic hemorrhagic events early in the dis-
ease course, the accurate and rapid diagnosis of 
APL is extremely important. Empiric ATRA 

therapy should be initiated if the morphologic or 
clinical features suggest APL [ 67 ]. However, 
confi rmation of the diagnosis requires proof of 
the presence of  PML-RARA . Conventional cyto-
genetic methods detect 70–90 % of cases, while 
sensitive FISH and RT-PCR techniques are 
thought to detect close to 100 % of translocations 
[ 68 ,  69 ]. In addition to higher sensitivity, FISH 
and RT-PCR can be performed expeditiously, 
which is particularly important in APL. Rare 
cases harbor cryptic  PML-RARA , where FISH is 
negative and RT-PCR methods detect the rear-
rangement [ 70 ]; therefore, testing by multiple 
modalities should be pursued in suspicious cases. 

 A therapeutic objective in APL is molecular 
remission, currently defi ned as negative qualitative 
PCR status at the end of consolidation therapy [ 71 ]. 
Earlier testing for  PML - RARA  transcripts after the 
induction phase of therapy is not indicated. Patients 
with detectable  PML - RARA     transcripts in two con-
secutive assays following consolidation will relapse, 
and so therapeutic intervention is necessary in this 
setting [ 67 ]. Quantitative transcript values, utilizing 
real-time RT-PCR methods, are currently reported 
by some laboratories and have been used in clinical 
trials for the detection of minimal residual disease 
(MRD) [ 72 ]. 

 A small subset of APLs lack the classical 
t(15;17) and may be caused by an alternative 
fusion between  RARA  and other nuclear protein 
genes, including  ZBTB16  ( PLZF , located at 
11q23),  NUMA1  (located at 11q13),  NPM1  
(located at 5q35), and  STAT5B  (located at 17q11.2) 
[ 73 ,  74 ]. The  NUMA1  and  NPM1  subtypes are 
responsive to therapy with ATRA, whereas 
 ZBTB16 - RARA  and  STAT5B - RARA  are associated 
with a poor prognosis and lack of response to reti-
noids [ 75 ]. Conventional karyotyping plays an 
important role in detection of these translocations 
and also in detecting complex rearrangements 
involving more than two chromosomes.  

   Core Binding Factor AML 

 Two other AML groups with recurrent cytoge-
netic abnormalities, t(8;21) and inv(16)/t(16;16), 
collectively constitute the category of core binding 

   Table 10.2    Cytogenetic abnormalities defi ning the 
WHO category of “acute myeloid leukemia with recurrent 
genetic abnormalities” [ 10 ]   

 Abnormality  Prognosis 

 t(8;21)(q22;q22);  RUNX1 - RUNX1T1   Favorable 
 inv(16)(p13.1q22) or t(16;16)(p13.1;q22); 
 CBFB - MYH11  

 Favorable 

 t(15;17)(q22;q12);  PML - RARA   Favorable 
 t(9;11)(p22;q23);  MLLT3 - MLL   Intermediate 
 t(6;9)(p23;q34);  DEK - NUP214   Unfavorable 
 inv(3)(q21q26.2) or t(3;3)(q21;q26.2); 
 RPN1 - MECOM ( EVI1 ) 

 Unfavorable 

 t(1;22)(p13;q13);  RBM15 - MKL1   Not different 
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factor (CBF) AML and together account for 
approximately 10–15 % of AMLs. CBF, an 
important transcription factor in hematopoiesis, 
is a heterodimer composed of a DNA-binding 
protein encoded by  RUNX1  ( CBFA2 ,  AML1 ) and 
a non-DNA-binding protein encoded by  CBFB . 
t(8;21) (q22;q22) and inv(16) (p13.1q22)/t(16;16) 
(p13.1;q22) create  RUNX1 - RUNX1T1 ( AML1 - 
ETO    ) and  CBFB - MYH11  fusion genes, respec-
tively, disrupting the function of CBF and leading 
to impaired differentiation [ 76 ]. These two rear-
rangements predict favorable outcomes and can 
be detected using conventional cytogenetic or 
FISH techniques. Inv(16), in particular, may be 
cytogenetically cryptic, and so alternative (FISH) 
detection strategies should be considered in cases 
with suspicious morphologic features (i.e., 
myelomonocytic differentiation and abnormal 
eosinophils) and normal cytogenetic results [ 61 ]. 

  MLL  gene (11q23) rearrangements can be 
seen in AML, often in cases with monoblastic 
differentiation. In AML, the most frequent 
 MLL  translocation partner is  MLLT3  ( AF9 ), 
although numerous  MLL  fusion partners exist. 
In general,  MLL  rearrangements are associated 
with a poor prognosis; however, the t(9;11), 
 MLLT3-MLL  fusion has a slightly better prog-
nosis than the others [ 10 ]. Conventional cyto-
genetics does not detect all  MLL  translocations, 
and FISH may be necessary to identify them in 
selected cases [ 77 ]. 

 In addition to the detection of recurrent cyto-
genetic abnormalities, karyotyping may identify 
MDS-like cytogenetic abnormalities. These 
cytogenetic abnormalities are summarized in 
Table  10.3  and are suffi cient for the diagnosis of 
AML with MDS-related features, even in the 
absence of morphologic evidence of dysplasia 
[ 10 ]. These cytogenetic changes are predictive 
for adverse outcomes and are usually associated 
with resistance to standard treatment [ 78 – 80 ]. 
Identifi cation of cytogenetic abnormalities is not 
required for diagnosis of AML with MDS-
related features; however, studies have suggested 
that the presence of cytogenetic abnormalities is 
more prognostically signifi cant than morpho-
logic dysplasia alone [ 81 ].

      Gene Mutations in AML 

 In addition to structural chromosomal abnormali-
ties, single gene mutations play an important role in 
the pathogenesis of AML, and their detection is 
prognostically and therapeutically important in the 
large fraction of AML patients without recurrent 
cytogenetic abnormalities. Among these, mutations 
of fms-related tyrosine kinase 3 ( FLT3 ), nucleo-
phosmin ( NPM1 ), and CCAAT/enhancer-binding 
protein alpha ( CEBPA ) are the most clinically 
established, and assays to detect them are routinely 
performed in molecular laboratories (Fig.  10.3 ).

   The  FLT3  gene, located at the long arm of 
chromosome 13, encodes a receptor tyrosine 
kinase that is constitutively activated through 
mutation in approximately one third of AML 
patients. Patients with  FLT3  mutation may be 
candidates for experimental treatment with TKI 
[ 82 ]; however,  FLT3  is currently most important 
as a prognostic marker. Two types of functionally 
important  FLT3  mutations have been identifi ed: 

   Table 10.3    Cytogenetic abnormalities suffi cient to 
diagnose WHO category of “acute myeloid leukemia 
with myelodysplasia-related changes” [ 10 ]   

 Complex karyotype (defi ned as 3 or more unrelated 
abnormalities, none of which can be a rearrangement 
of “AML with recurrent genetic abnormalities”) 
 Unbalanced abnormalities 
   –7 or del(7q) 
   –5 or del(5q) 
   i(17q) or t(17p) 
   –13 or del(13q) 
   del(11q) 
   del(12p) or t(12p) 
   del(9q) 
   idic(X)(q13) 
 Balanced abnormalities 
   t(11;16)(q23;p13.3)a 
   t(3;21)(q26.2;q22.1)a 
   t(1;3)(p36.3;q21.1) 
   t(2;11)(p21;q23)a 
   t(5;12)(q33;p12) 
   t(5;7)(q33;q11.2) 
   t(5;17)(q33;p13) 
   t(5;10)(q33;q21) 
   t(3;5)(q25;q34) 
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  Fig. 10.3    Molecular tests for AML prognosis. Examples 
of mutation positive ( bottom ) and negative ( top ) cases 
are shown. ( a )  FLT3  internal tandem duplication ( FLT3 -
ITD) mutations can be detected by PCR amplicon sizing 
using capillary electrophoresis. The wild-type  FLT3  
PCR fragment in this assay is 329 base pairs (bp) in 
length. Note the second PCR fragment of larger size in 
the bottom case, which is consistent with the presence of 
an ITD insertion mutation of 48 bp. ( b )  NPM1  mutations 
can also be detected by PCR amplicon sizing. These 
mutations result in a net 4 bp insertion and are indicated 

by a PCR fragment that is 4 bp larger than the wild-type 
fragment. ( c )  CEBPA  mutation testing requires a tech-
nology like Sanger sequencing that can detect the diverse 
variety of mutations that span the entire gene. 
Overlapping peaks in the DNA sequence chromatogram 
indicate the presence of a mutation. In this case it is a 
duplication of 2 nucleotides (TA) leading to a frameshift 
in the N-terminus region of the  CEBPA  protein. A sec-
ond mutation was also observed in the C-terminus region 
(not shown), which is consistent with double (biallelic) 
 CEBPA  mutations in this case       

 

A. Behdad et al.



145

(1) an internal tandem duplication (ITD), of the 
juxtamembrane domain-coding sequence occur-
ring between exons 14 and 15 [ 83 ], and (2) a mis-
sense point mutation that alters an aspartic acid 
residue at position 835 (D835) in the tyrosine 
kinase domain (TKD) located at exon 20 [ 84 ]. 
The  FLT3 -ITD and D835 mutations occur in 
approximately 30 % and 7 % of patients with 
AML, respectively. The presence of  FLT3 -ITD is 
clearly associated with a worse prognosis [ 84 –
 86 ], particularly at high mutant allele burdens 
[ 87 ,  88 ], and it may be the most clinically signifi -
cant single gene mutation in AML. The impor-
tance of  FLT3  TKD mutations, on the other hand, 
is not entirely clear, with mixed reports of their 
impact on prognosis [ 89 – 92 ]. 

 The  FLT3 -ITD can be identifi ed utilizing a 
PCR-based assay with fragment size analysis to 
detect a product size expansion of anywhere from 
6 to several hundred bases. The D835 wild-type 
sequence contains an EcoRV restriction site, 
which is eliminated in the setting of mutation. 
These two assays can be combined into a multi-
plexed PCR with subsequent restriction endonu-
clease digestion of the PCR product and analysis 
by capillary electrophoresis [ 93 ]. Figure  10.3  
depicts an example of  FLT3 -ITD-positive AML. 

 AML with  NPM1  or  CEBPA  mutation repre-
sent separate provisional entities in the 2008 
WHO classifi cation [ 10 ]. Both of these mutations 
are thought to be associated with favorable out-
comes; however, their favorable association is 
eliminated when they co-occur with  FLT3 . 
NPM1 is a chaperone protein that regulates 
assembly and shuttling of proteins between the 
nucleus and cytoplasm and is predominantly 
expressed in the nucleolus [ 94 ,  95 ].  NPM1  muta-
tion was fi rst discovered after the observation that 
a subset of AML with normal karyotype showed 
abnormal localization of NPM1 protein within 
the cytoplasm of blasts (NPM1c+) [ 96 ]. 
Molecular analysis of these cases revealed a 
mutation of the  NPM1  gene in nearly all cases. 
The most common type of  NPM1  mutation (type 
A), encountered in 70–80 % of the cases with 
NPM1c+, is a tetranucleotide sequence insertion 
at positions 956–959 in exon 12. This insert 
causes a frameshift sequence alteration in the 

C-terminus of the protein, which eliminates the 
nucleolar localization signal and generates a 
novel nuclear export signal, with consequent 
cytoplasmic localization of the protein [ 97 ]. 
Alternative mutations include different tetranu-
cleotide sequence insertions in the same location 
as the type A mutation and rare mutations in exon 
9 or 11. The mechanism of leukemogenesis by 
mutated  NPM1  is thought to be due to mislocal-
ization of the ARF tumor suppressor protein, a 
key regulator of p53-dependent cell cycle arrest 
[ 98 ]. In the clinical laboratory, the majority of 
 NPM1  mutations can be detected using a PCR- 
based assay, amplifying exon 12 from genomic 
DNA with subsequent fragment size analysis (see 
Fig.  10.3 ). The mutations are always heterozy-
gous and are, in general, mutually exclusive with 
other recurrent cytogenetic abnormalities [ 99 ]. 

  CEBPA  is a single exon gene located at chro-
mosome 19q13.1 that encodes a basic leucine 
zipper (bZIP) transcription factor with an impor-
tant role in the differentiation of myeloid cells. 
 CEBPA  contains different start codons located in 
the same open reading frame, generating two iso-
forms: p42, which promotes myeloid differentia-
tion, and p30, which promotes proliferation 
[ 100 ].  CEBPA  mutations typically occur in either 
the N-terminus or C-terminus regions. N-terminal 
mutations are frequently frameshift mutations 
that eliminate the possibility of p42 production, 
only allowing formation of the pro-proliferative 
p30 isoform. The C-terminal mutations are often 
in-frame insertions and deletions that impair the 
DNA-binding bZIP domain [ 101 ,  102 ]. These 
two types of mutation frequently co-occur on dif-
ferent alleles, eliminating normal p42 CEBPA 
function [ 100 ]. In other cases, only a single 
 CEBPA  mutation is present; however, the favor-
able outcome associated with  CEBPA  mutations 
is thought to be limited to the cases with biallelic 
mutation [ 103 ]. Multiplex PCR techniques or 
direct sequencing of PCR product has been used 
for the detection of the mutations. While the mul-
tiplex PCR assay may have higher analytical sen-
sitivity, it may miss a subset of mutations such as 
multiple base pair substitution or point mutations 
[ 104 ]. Since the analytical sensitivity is generally 
not an issue at time of diagnosis in AML, a direct 
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sequencing assay to detect  CEBPA  mutations is 
commonly utilized (Fig.  10.3 ).  CEBPA  and 
 NPM1  mutations are thought to be mutually 
exclusive [ 99 ], while  FLT3 -ITD and  CEBPA  
biallelic mutations can rarely occur in the same 
tumor population. The prognosis in such cases is 
similar to that of cases with  FLT3 -ITD [ 103 ]. 

 Mutations in  KIT  are frequently present in 
CBF AML [ 105 – 109 ]. Most of these mutations 
cluster in exons 8 and 17, and the D816 residue in 
exon 17, characteristically mutated in SM, is also 
one of the most frequently mutated sites in CBF 
AML [ 106 ,  107 ,  109 ]. The presence of a  KIT  
mutation is clearly associated with a worse prog-
nosis in the normally favorable-risk subset of 
CBF AML patients with t(8;21), and some stud-
ies have suggested a negative impact in inv(16) 
AML, although this fi nding has not been uniform 
[ 105 – 109 ]. 

 Through integration of cytogenetic and molec-
ular analysis, well-defi ned prognostic risk groups 
have been established in AML (see Table  10.4 ) 
[ 54 ,  56 ,  59 ,  105 ,  110 ,  111 ]. These risk groups 
guide therapeutic decision-making, as patients 
with favorable genetic risk factors are typically 
not transplanted in the fi rst complete remission, 

while early hematopoietic stem cell transplanta-
tion is frequently used for patients with poor-risk 
features [ 60 ]. Although  FLT3 ,  NPM1 , and 
 CEBPA  are the most commonly assayed genes in 
AML, they are by no means the only genes 
important in AML pathogenesis. Many other 
genes are recurrently mutated in AML and 
reported to have prognostic relevance. With the 
recent development of high-throughput sequenc-
ing technology, it is becoming feasible to per-
form targeted resequencing of a panel of genes 
associated with AML outcomes. Translating this 
newfound ability to generate information about 
multiple genes into meaningful information for 
patients remains a major challenge. However, in 
the near future it is anticipated that panels of 
genes will be routinely analyzed at diagnosis, 
allowing more accurate risk stratifi cation and 
personalized treatment selection [ 105 ].

       Lymphoid Malignancies 

   Lymphoblastic Leukemia/Lymphoma 

 Lymphoblastic leukemia/lymphoma (ALL/LBL) 
is a heterogeneous group of precursor B-cell and 
T-cell malignancies which result from various 
genetic alterations that cause a block in lymphoid 
differentiation, exaggerated proliferation, and 
enhanced cell survival. ALL/LBL is more com-
mon in children than in adults, constituting 25 % 
of childhood malignancies with a cure rate 
approaching 80 % [ 112 ]. Previously, these neo-
plasms were categorized solely based upon their 
morphologic and immunophenotypic character-
istics. However, in the last 2 decades, our under-
standing of the underlying genetic basis of these 
neoplasms has improved and has led to the dis-
covery of prognostically and therapeutically 
important subgroups. The 2008 WHO classifi ca-
tion recognizes distinct categories of B-ALL/
LBL with recurrent genetic abnormalities [ 10 ]. 
Table  10.5  summarizes the cytogenetic 
 abnormalities recognized by 2008 WHO as dis-
tinct entities with their common age group and 
prognosis. Conventional metaphase cytogenetics 
and FISH are routinely used to identify these 

   Table 10.4    Cytogenetic and molecular risk groups in 
acute myeloid leukemia [ 54 ,  56 ,  59 ,  105 ,  110 ,  111 ]   

 Risk category  Cytogenetic and molecular features 

 Favorable  t(8;21) without  KIT  mutation 
 t(15;17) 
 inv(16)/t(16;16) 
 Intermediate-risk cytogenetics without 
 FLT3 -ITD and with either  NPM1  or 
biallelic  CEBPA  mutation 

 Intermediate  t(8;21) with  KIT  mutation 
 t(9;11) 
 Other cytogenetics, including normal 
karyotype 

 Poor  inv(3)/t(3;3) 
 t(6;9) 
 11q23 abnormalities other than t(9;11) 
 t(9;22) 
 -5, del(5q) 
 -7, del(7q) 
 -17, 17p abnormalities 
 Complex cytogenetics 
(>3 abnormalities) 
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numerical and structural chromosomal abnor-
malities. Of note, the t(12;21) leading to  ETV6 -
 RUNX1  fusion, which is associated with a good 
prognosis in childhood B-ALL/LBL, is cytoge-
netically cryptic and requires FISH or RT-PCR 
for detection [ 113 ].

   The most common and therapeutically impor-
tant genetic subgroup of B-ALL/LBL in adults is 
defi ned by the presence of  BCR - ABL1. BCR - 
ABL1     occurs in 20–30 % of adult ALL/LBL 
overall [ 114 ], but it is far less common in the 
pediatric population (2–4 %) [ 115 ]. The presence 
of  BCR - ABL1 , or the Philadelphia chromosome 
(Ph+), in ALL of any age group is associated 
with adverse outcomes and shortened survival 
[ 115 – 118 ]. In addition to its prognostic impact, 
the presence of  BCR - ABL1  rearrangement has 
therapeutic importance. First- and second- 
generation TKIs were developed to target the 
BCR-ABL1 fusion protein and are often utilized 
in the treatment of Ph+ ALL [ 119 ]. Similar to 
CML, development of resistance is observed. 

 Among the three described breakpoint clus-
ter regions in the  BCR  gene, two are seen in 
B-ALL: M-bcr and m-bcr. As described previ-
ously, these two breakpoints within  BCR  pro-
duce two fusion proteins differing in size. The 
p190 isoform is encountered in most pediatric 
patients and about half of adult Ph+ B-ALLs, 
[ 120 ,  121 ], whereas p210, common in CML, is 
seen in about half of adult Ph+ B-ALL. 

Molecular techniques for detection of  BCR -
 ABL1  rearrangements, MRD, and TKI resis-
tance are discussed in the CML section. 

 In addition to chromosomal abnormalities, 
genome-wide analysis has led to discovery of 
copy number abnormalities (CNA) of genes 
involved in development, cell cycle regulation, 
and differentiation of B-cells [ 122 ,  123 ].  IKZF1  
encodes the Ikaros transcription factor, which 
plays a role in B-cell development.  IKZF1  dele-
tion is seen in over 80 % of Ph+ B-ALL and is 
associated with poor outcomes [ 124 – 126 ].  PAX5  
mutations are the most common somatic muta-
tion in pediatric B-ALL, encountered in about a 
third of patients [ 122 ], but are not thought to be 
an independent predictor of outcome [ 127 ]. Other 
gene alterations implicated in B-ALL pathogen-
esis include  IKZF3  (Aiolos),  LEF1 ,  EBF1 ,  RB1 , 
 TCF3 ,  CDKN2A / CDKN2B ,  PTEN , and  BTG1  
[ 122 ,  128 ]. It remains to be seen whether testing 
for alterations of any of these genes will be a rou-
tine part of clinical practice. 

 T-ALL/LBL accounts for 15 % of pediatric 
and 25 % of adult lymphoblastic leukemia [ 129 ]. 
Eighty to ninety percent of lymphoblastic lym-
phomas, on the other hand, are of T-cell lineage. 
More than 50 % of T-ALL/LBLs have cytogenetic 
abnormalities that range from recurrent transloca-
tions detected by conventional cytogenetics to 
cryptic deletions, disclosed only by FISH [ 130 ]. 
The translocations in T-ALL/LBL often involve 

   Table 10.5    Cytogenetic abnormalities defi ning the WHO category of “B-ALL/
LBL with recurrent genetic abnormalities” [ 10 ]   

 Abnormality  Age group  Prognosis a  

 t(9;22);  BCR - ABL1   Adult > children  Unfavorable 
 t(v;11q23);  MLL  rearranged  Infants > adults  Unfavorable 
 t(12;21);  ETV6 - RUNX1     
( TEL - AML1 ) 

 Children  Favorable 

 Hyperdiploidy b   Children  Favorable 
 Hypodiploidy c   Adult, children d   Unfavorable 
 t(5;14);  IL3 - IGH   Adult, children  Not different 
 t(1;19);  TCF3 - PBX1   Children > adults  ? Not different e  

   ALL  lymphoblastic leukemia,  LBL  lymphoblastic lymphoma 
  a  Prognosis is compared to B-ALL/LBL, not otherwise specifi ed 
  b  Blasts contain >50 and <66 chromosomes without other structural alterations 
  c  Blasts contain <46 chromosomes without other structural alterations 
  d  Near haploid is limited to children and has worst prognosis 
  e  Earlier studies indicated poor prognosis, but not with new intensive therapies  
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breakpoints involving T-cell receptor (TCR) loci 
on 14q11 ( TRA  and  TRD ) and 7q34 ( TRB ), bring-
ing transcription factors such as  TAL1 , 
 TLX1 ( HOX11 ),  TLX3 ,  LMO2 , and  LYL1 under  
the control of the TCR enhancer regions [ 130 –
 135 ]. The most common of the cryptic deletions 
are deletions of 9p21 and 1p32 which may occur 
with other genetic abnormalities [ 130 ]. 

  NOTCH1  activation has been implicated in the 
pathogenesis of T-ALL/LBL [ 136 ]. NOTCH pro-
teins are transmembrane receptors that play an 
important role in cell regulation and T-cell devel-
opment.  NOTCH1  can be a fusion partner with 
 TRB  in the rare t(7; 9), but the majority of  NOTCH1  
alterations are activating mutations, encountered 
in over half of T-ALL/LBL [ 137 ]. Given the high 
prevalence of these mutations, it has been hypoth-
esized that they are one of the early events in 
T-ALL/LBL development and may be important 
as future therapeutic targets, as NOTCH signaling 
could be decreased through gamma secretase 
inhibitors and other strategies [ 138 ].  

   Identifi cation of Immunoglobulin 
and T-Cell Receptor Rearrangements 

 B-cells and T-cells are unique in that they contain 
genes (immunoglobulin (Ig) genes in B-cells, 
TCR genes in T-cells) that undergo somatic 
recombination under normal physiologic condi-
tions. Each Ig gene and each TCR gene contains 
multiple variable (V) and joining (J) gene seg-
ments. The Ig heavy chain locus ( IGH ), TCR 
beta locus ( TRB ), and TCR delta locus ( TRD ) 
additionally contain diversity (D) gene segments 
that sit between the V and J genes. Through a 
process mediated by recombination activating 
gene proteins (RAG1 and RAG2) [ 139 ], early in 
B- and T-cell development, Ig or TCR genes 
undergo V-(D)J rearrangement, which juxtaposes 
random V, D, and J gene segments together by 
excising intervening V, D, or J gene segments and 
noncoding DNA (Fig.  10.4 ). At the coding junc-
tions where the V, D, and J genes are brought 
together, additional diversity is generated by loss 
of nucleotides and incorporation of random, non- 
templated nucleotides by terminal deoxynucleo-

tidyl transferase (TdT). Through this process, Ig 
and TCR diversity is formed that is needed to 
generate the broad repertoire of antigen recogni-
tion necessary for effective immunity. When 
B-cells recognize antigen in a T-cell-dependent 
process, they go through the germinal center 
reaction. In the germinal center, affi nity matura-
tion proceeds through the generation of an addi-
tional level of Ig diversity by activation-induced 
cytidine deaminase (AID)-dependent somatic 
hypermutation [ 140 ]. As a result of these pro-
cesses, a population of reactive, polyclonal 
B-cells or T-cells contains myriad unique V-(D)J 
rearrangements which differ from one another in 
length and base composition.

   This property of reactive lymphoid popula-
tions can be easily harnessed to identify a clonal 
lymphoproliferation. As lymphomas are derived 
from a single cell, a lymphomatous neoplastic 
clonal expansion would be expected to share a 
common V-(D)J rearrangement. Therefore, 
detection of a dominant V-(D)J rearrangement is 
a surrogate for identifi cation of a clonal popula-
tion of lymphocytes. Historically, V-(D)J rear-
rangements have been detected by Southern blot 
hybridization [ 141 ,  142 ]. This method was lim-
ited by its laborious nature, long analysis time, 
and requirement of a large (~5 μg) amount of 
high-quality DNA, precluding testing of 
formalin- fi xed, paraffi n-embedded tissues. 
Southern blot analysis has largely been sup-
planted in clinical pathology laboratories by 
PCR-based analysis of Ig and TCR loci. 

 Numerous multiplexed PCR primer sets have 
been reported that allow for detection of the 
majority of Ig and TCR rearrangements [ 143 –
 151 ]. Due to its relative structural simplicity, the 
TCR gamma locus ( TRG ) is most frequently ana-
lyzed in suspected T-cell lymphoproliferations. 
Both TCR αβ- and TCR γδ-expressing T-cells are 
expected to have rearranged  TRG , as  TRD  and 
 TRG  rearrangements occur before those at  TRB  
and TCR alpha ( TRA ) in T-cell ontogeny [ 152 ]. 
Many  TRG  rearrangements are nonproductive, 
and so biallelic rearrangements are frequently 
identifi ed [ 153 ].  TRB  has become feasible to 
assess by PCR, and its more complex genomic 
architecture is advantageous in decreasing the 
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  Fig. 10.4    Lymphoid clonality testing. ( a ) Idealized sche-
matic representation of an immunoglobulin/T-cell recep-
tor (Ig/TCR) locus. Forward and reverse primers bind to 
variable (V) gene segments and joining (J) gene segments, 
respectively. In the germline (i.e., nonlymphoid) confi gu-
ration, no PCR product is generated due to the large dis-
tance between PCR primers. A J gene segment and 
diversity (D) gene segment are fi rst joined together. The 
intervening, unused D and J gene segments Fig. 
10.4 (continued) are excised. A similar process then 
occurs between the V gene segments and the D-J rear-
ranged sequence. This fi nal rearrangement brings the V 
and J forward and reverse primers near one another and 
allows generation of a PCR product. Because different V, 
D, and J gene segments are recombined in each lympho-
cyte, Ig/TCR diversity is generated by this process. 
Additional junctional diversity of the Ig/TCR is generated 

by the addition and deletion of random nucleotides at the 
D-J and V-DJ junctions (not depicted in the schematic). 
Because of the combinatorial and junctional diversity 
generated during physiologic B-cell and T-cell develop-
ment, a polyclonal, reactive population of lymphocytes 
will generate multiple PCR products of varying sizes. ( b ) 
Examples of polyclonal and monoclonal T-cell popula-
tions by PCR analysis. When analyzed by capillary elec-
trophoresis, as depicted in the fi rst panel, a polyclonal 
population generates a pseudo-Gaussian distribution of 
peaks. No single peak is signifi cantly larger than any of 
the others, and this is the expected result in a reactive 
population with numerous small T-cell clones. The sec-
ond panel depicts a clonal T-cell population, which gener-
ates a dominant peak in the PCR assay. Note that some 
polyclonal T-cells are also present in this specimen (small 
peaks present to the left of the clonal peak)       
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likelihood of “pseudoclonal” results. However, rare 
γδ T-cell lymphomas may lack  TRB  rearrange-
ments, and so sensitivity may not be as great as 
with a  TRG  assay.  TRD  is located within the  TRA  
locus and both copies are deleted in most αβ T-cell 
lymphomas, severely limiting its utility in diagno-
sis [ 153 ].  TRA  is highly complex, precluding the 
design of multiplexed PCR assays for this region. 

  IGH  is the most commonly assayed immuno-
globulin gene, as all mature B-cells express a 
functional IGH protein. In contrast with TCR 
assays, Ig assays may be affected by somatic 
hypermutation. If the primer binding sites have 
undergone mutation, it is possible that no product 
will be generated and the assay will appear 
falsely negative. This problem is particularly 
prevalent in germinal center-derived lymphomas, 
such as follicular lymphoma (FL) and some dif-
fuse large B-cell lymphomas (DLBCL), where 
somatic hypermutation is ongoing [ 154 ]. This 
can be ameliorated to some degree by using mul-
tiple primer sets for  IGH  that avoid the area near 
the complementarity determining region 3 
(CDR3), a major site of hypermutation in  IGH  
(i.e., examining frameworks 1 and 2 in addition 
to framework 3). Alternatively, examining a light 
chain locus for clonality could yield greater sen-
sitivity for rearrangements.  IGK  and  IGL  are 
amenable to PCR clonality testing [ 144 ]. 
Essentially every mature B-cell rearranges  IGK ; 
therefore, examining it for rearrangements can be 
useful and may detect rearrangements missed by 
examining  IGH  alone [ 154 ]. Given that all 
lambda light chain expressing lymphomas also 
contain rearrangements of  IGH  and  IGK  (and 
that the more common kappa light chain express-
ing lymphomas generally lack  IGL  rearrange-
ment), examining  IGL  for rearrangement is not 
especially useful [ 154 ]. 

 Clonality testing is generally performed by 
sizing PCR products detected by capillary elec-
trophoresis (Fig.  10.4 ). This method distin-
guishes products based only on size: distinct 
clones with varying sequence but the same num-
ber of nucleotides are not discriminated from one 
another. A polyclonal population of lymphocytes 
will demonstrate a pseudo-Gaussian distribution, 
with the most abundant peaks surrounding the 

“germline” rearrangement size (i.e., without 
signifi cant loss or non-templated gain of nucleo-
tides). Clonal peaks are seen either in isolation or 
as predominant over the background polyclonal 
distribution. Criteria for interpretation as a “posi-
tive” result for clonality have been published 
[ 145 ,  155 – 157 ], but no consensus exists. The sig-
nifi cance of a peak can vary dramatically based 
upon clinical context: a “clonal” peak in a TCR 
assay from a skin biopsy containing very few 
T-cells may be entirely insignifi cant, while a sim-
ilar peak from a piece of tissue containing an 
overt lymphoma likely represents a true clonal 
result. It is extremely important to recognize that 
in clinical specimens with few lymphocytes, a 
“jackpot” phenomenon may occur with stochas-
tic over-amplifi cation of a single Ig or TCR rear-
rangement early during the PCR that leads to a 
spurious “pseudoclonal” appearance. Performance 
of clonality assays in duplicate is a necessary step 
to help reduce misinterpretation of these artifacts 
as monoclonal populations [ 158 ]. Even in the 
absence of an artifactual explanation for a clonal 
result, it is vital to remember that clonality is not 
synonymous with malignancy and that all Ig and 
TCR clonality results should ultimately be inter-
preted in light of the patient’s other clinical and 
histologic features. Also importantly, the identifi -
cation of Ig or TCR rearrangement cannot be 
confi dently used to assign lineage to a neoplasm: 
T-cell lymphoblastic leukemias may harbor Ig 
rearrangements [ 159 ], B-ALLs frequently have 
TCR rearrangements [ 160 ], and either may be 
seen in AMLs [ 161 ].  

   Translocations in Lymphoma 

 Given that the production of physiologic Ig and 
TCR rearrangements requires DNA double- 
strand breaks (DSBs) and subsequent repair, it is 
perhaps not surprising that errors in this process 
occur. In experimental models, the induction of 
DSBs at  IGH  leads to aberrant gene fusions at 
hundreds of thousands of sites [ 162 ,  163 ]. If one 
of these abnormal gene fusions exerts a selection 
advantage, a lymphoma may eventually form fol-
lowing the acquisition of additional mutational 
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events. Several B-cell lymphomas are strongly 
associated with the presence of an abnormal Ig 
gene fusion, including  BCL2  in FL [ 164 ],  CCND1  
in mantle cell lymphoma (MCL) [ 165 ,  166 ], and 
 MYC  in Burkitt lymphoma (BL) [ 167 ,  168 ]. In 
general, Ig fusions differ from most gene fusions 
seen in acute leukemias in which a qualitatively 
abnormal novel protein is produced. In Ig fusions, 
on the other hand, a qualitatively normal gene is 
translocated so that it is under the infl uence of the 
Ig enhancer regions, which leads to marked 
upregulation of the normal protein product. This 
characteristic frequently limits the utility of PCR- 
based detection of Ig-associated rearrangements, 
as the breakpoints may be quite variable.  

    BCL2  Translocations 

  BCL2  encodes an anti-apoptotic protein that is 
aberrantly upregulated as a result of its juxtaposi-
tion to the  IGH  enhancer on chromosome 14. As 
a consequence of this deregulation, cell survival 
is enhanced [ 169 ].  IGH - BCL2  fusion is present in 
approximately 90 % of FL [ 170 ,  171 ] and in 
approximately 20 % of DLBCL, predominantly 
in those with a germinal center immunopheno-
type [ 171 – 173 ]. From a practical standpoint, the 
diagnosis of FL is straightforward in lymph node 
biopsies, and documentation of  BCL2  rearrange-
ment is not needed in most cases. However, in 
non-nodal sites or in cases with atypical morpho-
logic or immunophenotypic features, documenta-
tion of  IGH - BCL2  can be a useful diagnostic 
adjunctive assay. Although the breakpoint in the 
 IGH  locus is generally near the  IGHJ  gene seg-
ments, multiple breakpoint regions are present in 
 BCL2 , occurring in three primary areas: the 
major breakpoint region (MBR), minor cluster 
region (mcr), and 3′ of the MBR [ 174 – 177 ]. 
Interphase FISH analysis using dual-color, dual- 
fusion probes for  IGH-BCL2  rearrangement 
identifi es the vast majority of  IGH - BCL2  fusions 
[ 178 ]. Multiplexed PCR assays have been 
designed to capture the majority of  IGH - BCL2  
rearrangements [ 144 ]; however, given the hetero-
geneity at the molecular level, even assays that 
evaluate all three breakpoint regions lack sensi-

tivity when compared with interphase FISH, 
detecting only 60–80 % of rearrangements in 
FISH-positive cases [ 179 ,  180 ]. PCR has an 
advantage over FISH in that it has a much lower 
limit of detection. For patients with PCR- 
detectable  IGH - BCL2  rearrangements, PCR pos-
itivity can be used as a marker for MRD following 
chemotherapy; however, the conclusion of stud-
ies has been mixed regarding the prognostic sig-
nifi cance of MRD detection in FL [ 181 ,  182 ], and 
assessment of MRD is not recommended outside 
of a clinical trial setting [ 183 ]. 

 The absence of  BCL2  translocation in lym-
phomas morphologically consistent with FL can 
be informative in certain clinical settings. In a 
younger patient with morphologic features of FL 
and limited stage disease, the absence of a detect-
able  BCL2  translocation would support a diagno-
sis of “pediatric-type” FL, which appears to have 
an indolent clinical course [ 184 ,  185 ]. Similarly, 
low-stage extranodal FL such as those located 
primarily in the testis [ 186 ,  187 ], ovary [ 188 ], 
and salivary gland [ 189 ] are typically negative 
for  BCL2  rearrangements with favorable out-
comes. Primary cutaneous follicle center lym-
phomas (PCFCL) frequently lack  BCL2  
rearrangements, although the frequency of the 
rearrangement is variably reported in the litera-
ture, ranging from being present in 0–40 % of 
cases [ 190 – 192 ]. Secondary cutaneous involve-
ment by systemic FL must be excluded if an 
 IGH-BCL2  fusion is identifi ed in a cutaneous 
B-cell lymphoma of germinal center derivation.  

    CCND1  Translocations 

 The vast majority of MCLs (>95 %) [ 193 – 196 ] 
contain  IGH - CCND1  fusions, leading to 
increased expression of cyclin D1 and subse-
quent cell cycle progression [ 197 ]. Many  CCND1  
breaks occur at the major translocation cluster 
(MTC) [ 198 ], but this region contains only 40 % 
of all breakpoints. The remaining breakpoints are 
widely dispersed, which severely limits the sensi-
tivity of PCR-based strategies for detection of 
 IGH - CCND1  [ 154 ]. In contrast, FISH is highly 
sensitive for  CCND1  translocations [ 193 ,  196 ] 
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and is the technique of choice for documentation 
of  CCND1  translocation (in addition to cyclin D1 
protein overexpression). FISH for  CCND1  is 
commonly performed as part of a “chronic lym-
phocytic leukemia (CLL) FISH panel” to exclude 
MCL, as MCL and CLL are immunophenotypi-
cally similar. If a tumor has typical morphologic 
and immunophenotypic features of MCL, the 
absence of cyclin D1 overexpression or detect-
able  IGH - CCND1  fusion does not exclude the 
diagnosis: “cyclin D1-negative” MCL have been 
described [ 194 ], and many of these tumors have 
rearrangements involving  CCND2  [ 199 ]. 
Identifi cation of these cases is challenging in rou-
tine clinical practice.  

    MYC  Translocations 

 BL is characterized by  MYC  translocations to  IG  
genes [ 10 ] and is an aggressive tumor that fre-
quently occurs in children and young adults.  MYC  
is most commonly translocated to the  IGH  locus, 
but rearrangements with  IGK  and  IGL  also occur 
[ 167 ,  168 ]. All of the translocations have the com-
mon effect of abnormally upregulating MYC, 
leading to increased proliferation and dysregula-
tion of many other cellular processes [ 200 ]. Both 
the  MYC  and  IG  breakpoints are heterogeneous 
[ 201 – 203 ] and vary among clinical subtypes of 
BL (i.e., endemic vs. sporadic vs. immunodefi -
ciency associated) [ 204 ]. Therefore,  MYC  rear-
rangement detection by PCR is not feasible in the 
clinical setting. A break-apart FISH strategy 
would be expected to identify the vast majority of 
MYC translocations and is widely used clinically 
[ 205 ,  206 ]; however, rare variant breakpoints may 
still generate normal results with this approach 
[ 205 ]. Break-apart FISH does not identify the 
translocation partner, which may be important in 
BL. It has become clear that  MYC  in BL charac-
teristically has an  IG  gene translocation partner, 
while  MYC  translocations in DLBCL cases often 
occur with non- IG  genes [ 207 ]. Fusion FISH 
probe sets could be used to specifi cally identify 
the translocation partner in the absence of meta-
phase cytogenetics. As implied above, although 
characteristic in BL, identifi cation of a  MYC  

translocation is not at all specifi c, as they are present 
in 5–10 % of DLBCL [ 207 – 209 ]. Conversely, 
given the limitations of FISH and the recognition 
of alternative mechanisms of MYC deregulation 
[ 210 ], absence of an identifi able  MYC  transloca-
tion does not preclude a diagnosis of bona fi de BL 
in an appropriate setting [ 10 ].  

   Double-Hit Aggressive B-Cell 
Lymphomas 

 A subset of large B-cell lymphomas harbor both 
a  MYC  translocation and another recurrent trans-
location, most often  IGH - BCL2 , but sometimes 
 BCL6 . These lymphomas are often called 
double- hit lymphomas (DHL) and have an 
aggressive clinical course with poor response to 
typical DLBCL chemotherapeutic regimens 
(R-CHOP) [ 211 – 213 ] (Fig.  10.5 ). DHL lympho-
mas with  IGH - BCL2  and  MYC  translocations are 
the best characterized variant; DHL with  BCL6  
and  MYC  translocations appear to have similarly 
poor outcomes [ 214 ], and “triple-hit” lympho-
mas with rearrangements of all three genes are 
occasionally encountered [ 211 ]. Appropriate 
selection of patients with morphologic DLBCL 
for further FISH testing is critical given the 
important prognostic and therapeutic implica-
tion of identifying a DHL. Proliferation as 
assessed by Ki-67 lacks suffi cient sensitivity and 
specifi city to be useful in this determination 
[ 212 ,  215 ,  216 ]. MYC and BCL2 protein overex-
pression may better select appropriate patients 
for subsequent FISH testing and could possibly 
even supplant FISH testing for DHL, although 
further studies are needed [ 215 ,  217 – 219 ].

       MALT1  Translocation 

 Extranodal marginal zone lymphomas of mucosa- 
associated lymphoid tissue (MALT lymphomas) 
that occur in the stomach and lung are frequently 
associated with t(11;18),  BIRC3 ( API2 )- MALT1  
fusion [ 220 ,  221 ]. The chimeric BIRC3-MALT1 
protein activates NF-κB signaling and leads to 
increased cell survival [ 222 ]. In the stomach, 
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MALT lymphomas are highly associated with 
infection by  Helicobacter pylori , and  H. pylori  
eradication is typically the initial therapeutic 
option in gastric MALT lymphoma, as a signifi -
cant number of cases regress with antibiotic treat-
ment [ 223 ]. However, the presence of 
 BIRC3 - MALT1  fusion predicts for lack of 
response to  H. pylori  eradication [ 224 – 226 ], and 
therefore, testing for  BIRC3 - MALT1  fusion by 
FISH or molecular techniques is recommended at 
diagnosis of gastric MALT lymphoma so that 
alternative therapies can be considered [ 223 ].  

    ALK  Translocation 

 ALK-positive anaplastic large cell lymphoma 
(ALK + ALCL) is a mature T-cell lymphoma 
characterized by CD30 expression and  ALK  
translocation with increased ALK protein 
expression [ 10 ]. Its incidence is highest in 
childhood and adolescence [ 227 ].  ALK  encodes 
a receptor tyrosine kinase that is deregulated 
and activated through translocation in 

ALK + ALCL, most commonly with  NPM1  
[ 228 ], which occurs in approximately 80 % of 
patients [ 229 ]. In the remaining cases, numer-
ous other translocation partners are implicated, 
all of which lead to constitutive  ALK  activation 
[ 230 ]. The diagnosis of ALK + ALCL is often 
straightforward through the use of immunohis-
tochemistry for ALK protein expression, which 
is essentially never seen in postnatal tissue 
[ 231 ]. However, in selected cases  ALK  may be 
assessed for rearrangements through break-
apart FISH probes.  

    TCL1  Translocation 

 T-cell prolymphocytic leukemia (T-PLL) is an 
aggressive mature T-cell neoplasm character-
ized by marked lymphocytosis and organo-
megaly [ 10 ]. The histopathologic and 
immunophenotypic features may show some 
overlap with other mature T-cell neoplasms 
with leukemic presentation, such as adult T-cell 
leukemia/lymphoma and Sézary syndrome. 

  Fig. 10.5    Identifi cation of a double-hit lymphoma by 
fl uorescence in situ hybridization (FISH).  MYC  rear-
rangements may involve a variety of translocation part-
ners, including  IGH ,  IGK ,  IGL , and other non- IG  genes. 
Therefore a break- apart FISH probe strategy is used that 
will detect any  MYC  rearrangement, regardless of the 
partner gene. Fluorescently labeled red and green probes 
are designed on opposite sides of the  MYC  gene break-
point region. With this design, a normal  MYC  gene is 
observed as overlapping or adjacent red and green fl uores-
cent signals, while a rearranged  MYC  gene is indicated by 
split red and green signals.  BCL6  rearrangements also 

involve a variety of partner genes and are identifi ed using 
a similar break-apart strategy. The  IGH - BCL2  transloca-
tion is conserved in B-cell lymphoma and is usually 
detected with a dual-fusion probe strategy. This design 
utilizes a green probe specifi c to the  IGH  locus and a red 
probe specifi c to the  BCL2  gene, each spanning the 
respective breakpoint regions. Individual green and red 
probe signals indicate a lack of translocation. 
Colocalization of green and red probes is observed when 
an  IGH-BCL2  translocation is present. This case harbored 
both a  MYC  rearrangement and an  IGH - BCL2  transloca-
tion.  BCL6  rearrangement was not observed       
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T-PLL frequently has rearrangements of  TRA  
with the  TCL1A / TCL1B  locus [ 232 ,  233 ] 
through inv(14) or t(14; 14). Other cases 
involve  TRA  translocation with a gene homol-
ogous to  TCL1A ,  MTCP1 , which is located at 
Xq28 [ 234 ]. These rearrangements are readily 
identified by FISH analysis, often through a 
break-apart probe strategy targeting  TCL1  or 
 TRA , which allows for diagnostic confirma-
tion of T-PLL.  

   Single Gene Mutations 

 Hairy cell leukemia (HCL) and lymphoplasma-
cytic lymphoma (LPL), two low-grade mature 
B-cell neoplasms, harbor highly recurrent 
point mutations,  BRAF  V600E and  MYD88  
L265P, respectively [ 235 ,  236 ]. The fact that 
both occur at a single codon makes them highly 
amenable to testing in a molecular diagnostics 
laboratory. HCL can usually be easily diag-
nosed through morphologic and immunophe-
notypic analysis [ 10 ]; however, the presence of 
 BRAF  V600E (which occurs in >95 % of HCL 
cases)  essentially excludes other lymphomas 
that may mimic HCL, such as HCL-variant 
[ 237 ], and documentation of its presence may 
be helpful in patients with disease refractory to 
standard treatments, as BRAF inhibitors are 
approved for non- hematologic malignancies 
and anecdotal reports of response in HCL exist 

[ 238 ]. LPL exhibits extensive morphologic 
overlap with other low- grade B-cell lympho-
mas with plasmacytic differentiation, and it 
has often been considered a “diagnosis of 
exclusion” [ 10 ].  MYD88  L265P is present in 
70–90 % of LPL [ 235 ,  239 ,  240 ], and while not 
entirely specifi c, its presence is highly sugges-
tive of LPL in the appropriate setting. 
Diagnostically important genetic abnormalities 
in lymphoma are summarized in Table  10.6 .

   While not as high prevalence as these exam-
ples, many other genes have recently been 
found to be recurrently mutated at a substantial 
frequency in lymphomas. Splenic marginal 
zone lymphoma (SMZL) has recurrent muta-
tions in  NOTCH2  in approximately 25 % of 
cases [ 241 ,  242 ], leading to increased NOTCH 
signaling. This fi nding suggests NOTCH inhi-
bition as a possible therapeutic approach in 
SMZL. Genes involved in epigenetic regula-
tion such as  EZH2 ,  MLL2 ,  CREBBP , and 
 EP300  are often mutated in germinal center-
derived neoplasms such as FL and some 
DLBCLs [ 243 – 246 ]. DLBCLs that are not 
derived from germinal centers frequently have 
aberrations of genes that lead to NF-κB activa-
tion, such as  CARD11 ,  CD79A ,  CD79B , 
 MYD88 , and  TNFAIP3  [ 247 – 251 ]. 
Comprehensive testing for many of these aber-
rations will be feasible in the near future and 
may lead to more rational, targeted therapies 
for patients with these lymphomas.  

   Table 10.6    Genetic abnormalities associated with lymphoid neoplasms   

 Abnormality  Lymphoma  Detection method 

  IGH - BCL2   FL, subset DLBCL  FISH, PCR 
  IGH - CCND1   MCL, subset PCM  FISH 
  MYC  rearrangement  BL, subset DLBCL  FISH 
  BIRC3 ( API2 )- MALT1   Gastric/pulmonary MALT  FISH 
  ALK  rearrangement  ALCL  IHC, FISH 
  TRA - TCL1   T-PLL  FISH 
  BRAF  V600E  HCL  PCR 
  MYD88  L265P  LPL, subset DLBCL  PCR 

   FISH  fl uorescence in situ hybridization,  PCR  polymerase chain reaction,  IHC  
immunohistochemistry,  FL  follicular lymphoma,  DLBCL  diffuse large B-cell lym-
phoma,  MCL  mantle cell lymphoma,  PCM  plasma cell myeloma,  BL  Burkitt lym-
phoma,  MALT  extranodal marginal zone lymphoma of mucosa-associated lymphoid 
tissue,  ALCL  anaplastic large cell lymphoma,  T - PLL  T-cell prolymphocytic leuke-
mia,  HCL  hairy cell leukemia,  LPL  lymphoplasmacytic lymphoma  
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   CLL Prognostication 

 CLL is a mature lymphoma that typically has a 
leukemic (blood and bone marrow involvement) 
presentation. The clinical course is heteroge-
neous: some patients have stable disease for 
years, while others have a more progressive 
course. FISH analysis reveals the presence of 
cytogenetic abnormalities in the majority of CLL 
cases, and patients can be risk stratifi ed by their 
cytogenetic abnormalities [ 252 ]. 13q14 deletions 
are the most commonly identifi ed abnormality 
and, in isolation, indicate a good prognosis. CLL 
with abnormalities of trisomy 12 have a more 
intermediate prognosis, while deletions of 11q23 
and 17p (targeting  ATM  and  TP53 ) [ 253 ] indicate 
more aggressive behavior [ 252 ]. Because identi-
fi cation of patients with 11q23 and 17p may be 
important therapeutically, FISH profi ling of CLL 
is recommended prior to the initiation of therapy 
[ 254 – 256 ]. In the future, risk stratifi cation may 
be further informed by the addition of mutational 
analysis for genes recurrently mutated in CLL 
(e.g.,  NOTCH1 ,  SF3B1 ,  MYD88 ,  BIRC3 ,  TP53 ) 
[ 257 ]; however, this analysis is outside of the 
scope of that offered by most laboratories today. 

 In addition to the utility of FISH testing, anal-
ysis of the  IGHV  region is prognostic in CLL. 
Patients with unmutated (defi ned as ≥98 % germ-
line sequence homology) [ 258 ,  259 ]  IGHV  have a 
poorer outcome than those with evidence of 
hypermutation. Similar fi ndings have been 
reported in MCL. Although classically thought 
of as a neoplasm of naïve B-cells, some MCL 
have hypermutated immunoglobulin genes. 
These uncommon hypermutated MCLs fre-
quently have leukemic and splenic involvement, 
without signifi cant lymphadenopathy, and may 
have a more indolent clinical course than those 
with unmutated  IGHV  [ 260 ].  

   Plasma Cell Myeloma 

 Many genetic aberrations have been identifi ed in 
plasma cell myeloma (PCM), and testing by both 
metaphase cytogenetics and FISH is routinely per-
formed at diagnosis. Two major genetic categories 

have been described: tumors with a hyperdiploid 
genome characterized by numerous trisomies of 
odd-numbered chromosomes and a relatively 
favorable prognosis and non- hyperdiploid tumors 
with frequent  IGH  translocations and generally 
poorer outcomes [ 261 ]. A cytogenetically cryptic 
t(4;14) (p16;q32) translocation deregulates both 
 FGFR3  and  WHSC1  ( MMSET ) in PCM through 
their juxtaposition with the  IGH  enhancer [ 262 ]. 
This translocation is often associated with chro-
mosome 13 monosomy/13q deletion [ 261 ] and 
typically has an aggressive clinical course [ 263 ]. 
In addition to their presence in MCL,  IGH-CCND1  
translocations with slightly different breakpoints 
are frequent in PCM and are associated with good 
to intermediate survival, lymphoplasmacytoid 
morphology, and aberrant CD20 expression [ 261 ]. 
A t(14;16) leading to  IGH - MAF  fusion is some-
what less common than rearrangements involving 
either  CCND1  or  FGFR3 / WHSC1  [ 10 ].  IGH - MAF     
has been reported to be associated with a poor 
prognosis [ 263 ], although this is controversial 
[ 264 ]. Secondary genetic events with prognostic 
importance include both 17p ( TP53 ) deletion and 
alterations of chromosome 1 (leading to 1p loss 
and 1q gain) [ 261 ].  TP53  deletions are associated 
with a poor prognosis [ 263 ,  265 ]. The impact of 
chromosome 1 abnormalities in PCM is unclear: 
some studies have suggested that they are poor 
prognostic indicators [ 266 – 268 ], while others 
have failed to confi rm a worse prognosis when 1q 
gain is detected by FISH [ 265 ,  269 ].   

   Conclusions 

 Rapid technologic advances and scientifi c insights 
into the genetic basis of hematologic malignan-
cies have led to signifi cant opportunities for the 
molecular diagnostics laboratory. The expansion 
of multiple molecular testing modalities including 
FISH, PCR, targeted sequencing, whole exome 
sequencing, and microarrays has greatly impacted 
the clinical signifi cance of molecular testing. 
Similarly, with the availability of multiple testing 
modalities and their respective sample require-
ments and turnaround times, adequate communi-
cation regarding appropriateness for testing and 
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refl ex testing algorithms is becoming increasingly 
important. Furthermore, the incorporation of 
high-content data generated by whole exome 
sequencing, SNP microarrays, or other “omics” 
platforms necessitates implementation of appro-
priate resources to develop a bioinformatics com-
ponent to the integrated molecular diagnostics 
laboratory. Emerging technologies and genetic 
alterations involving microRNAs, long noncoding 
RNAs, and epigenetics will continue to provide 
opportunities for the molecular diagnostics labo-
ratory to continually adapt to the rapidly evolving 
technologic environment. Ultimately, molecular 
testing will continue to play a critical role in the 
identifi cation of the genetic basis of hematologic 
malignancy and will allow selection of therapeu-
tic agents for personalized/precision medicine for 
patients.     
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           Introduction 

 The advent of microarray technologies has 
enabled us to interrogate the expression levels of 
thousands of genes in a single experiment, thus 
opening the door towards refi ned molecular char-
acterization and classifi cation of breast cancer [ 1 ]. 
The initial studies using microarray identifi ed 
four main intrinsic subtypes [ 2 – 5 ]: luminal A 
tumors, being estrogen receptor (ER) and/or pro-
gesterone receptor (PgR) positive, slowly prolif-
erating, and low grade; luminal B tumors, being 
ER and/or PgR positive, highly proliferating, and 
high grade; HER2-enriched tumors, showing an 
amplifi cation of the HER2 oncogene as well as 
other genes in the same amplicon; and basal-like 
tumors, overlapping to a major extent with ER/
PgR/HER2-negative tumors (the triple- negative 
phenotype) and showing characteristics of basal-
origin, such as positivity for basal cytokeratins. 
Subsequent studies identifi ed additional sub-
types, mostly within the heterogeneous group of 
the basal-like tumors. Examples include (1) the 
claudin low tumors, characterized by a gene 
expression profi le similar to that of mammary 
stem cells (immune response genes, mesenchy-
mal features, and enrichment for epithelial-to- 

mesenchymal transition markers) [ 6 ], and (2) the 
molecular apocrine tumors, characterized by 
androgen receptor (AR) positivity and subse-
quent activation of the AR-signaling pathway [ 7 ]. 

 Identifying distinct molecular subtypes of the 
disease represents a major breakthrough in the 
fi eld of breast cancer, since different molecular 
characteristics have been found to underlie these 
phenotypes (Table  11.1 ). Indeed, studies cou-
pling genome copy number analyses with gene 
expression profi ling have revealed that recurrent 
DNA copy number aberrations (CNA) differ 
between the different breast cancer subtypes [ 8 ,  9 ]. 
These fi ndings improve our understanding of the 
pathophysiology of the disease, and they indicate 
that the molecular subtypes of breast cancer 
develop along distinct genetic pathways. 
Moreover, clinically relevant information can be 
derived, since some of these CNAs have been 
shown either to hold prognostic relevance or to 
include genes that could be therapeutically tar-
geted [ 8 ,  9 ]. Recent large-scale studies of next- 
generation sequencing (NGS) of breast cancer 
genomes have highlighted the vast molecular het-
erogeneity governing this disease; they have also 
associated the molecular subtypes with distinct 
mutational profi les, which in turn can potentially 
provide additional therapeutic targets [ 10 – 15 ].

   The aforementioned intrinsic molecular sub-
types were identifi ed by using DNA microarray 
platforms, this being an impediment to their clin-
ical implementation. To overcome this hurdle, 
immunohistochemical (IHC) surrogates have 
been proposed (Table  11.2 ). However, these show 
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   Table 11.1    Patterns of molecular alterations across different molecular subtypes of breast cancer   

 Molecular 
subtype  Copy number aberrations  Mutations (%) 

 Luminal A   Increased copy number : 1q and 16p  PIK3CA(45 %), GATA3(14 %), MAP3K1
(13 %), TP53(12 %), CDH1(9 %), MLL3
(8 %), MAP2K4(7 %), NCOR1(5 %), 
RUNX1(4 %), PTEN(4 %), CTCF(4 %), 
TBX3(3 %), SF3B1(3 %), CBFB(2 %), 
FOXA1(2 %), NF1(2 %), PTPRD(2 %), 
CDKN1B(1 %), AFF2(1 %), PIK3R1
(0.4 %), RB1(0.4 %), PTPN22(0.4 %) 

  Decreased copy number : 16q 
  High - level amplifi cations : 8p11-12, 
11q13-14, 12q13-14, 17q11-12, 17q21-24, 
and 20q13 

 Luminal B   Increased copy number : 1q, 8q, 17q, and 20q  TP53(29 %), PIK3CA(29 %), GATA3(15 %), 
MLL3(6 %), MAP3K1(5 %), CDH1(5 %), 
PTEN(4 %), TBX3(4 %), NF1(4 %), PTPRD
(4 %), RB1(3 %), MAP2K4(2 %), PIK3R1
(2 %), AKT1(2 %), RUNX1(2 %), CBFB(2 
%), NCOR1(2 %), CTCF(2 %), FOXA1(2 %), 
AFF2(2 %), PTPN22(2 %), CDKN1B(1 %) 

  Decreased copy number : 1p, 8p, 13q, 16q, 
17p, and 22q 
  High - level amplifi cations : 8p11-12, 8q, 
and 11q13-14 

 HER2-enriched    Increased copy number : 1q, 7p, 8q, 16p, 
and 20q 

 TP53(72 %), PIK3CA(39 %), MLL3(7 %), 
AFF2(5 %), PTPN22(5 %), CDH1(5 %), 
MAP3K1(4 %), PIK3R1(4 %), RUNX1(4 %), 
SF3B1(4 %), PTPRD(4 %), MAP2K4
(2 %), GATA3(2 %), PTEN(2 %), AKT1
(2 %), CBFB(2 %), CTCF(2 %), FOXA1
(2 %), CDKN1B(2 %) 

  Decreased copy number : 1p, 8p, 13q, and 18q 
  High - level amplifi cations : 17q 

 Basal-like   Increased copy number : 3q, 8q, and 10p  TP53(80 %), PIK3CA(9 %), MLL3(5 %), 
RB1(4 %), AFF2 (4 %), GATA3(2 %), 
NCOR1(2 %), NF1(2 %), PTEN(1 %), 
TBX3(1 %), CTCF(1 %), SF3B1(1 %), 
PTPRD(1 %) 

  Decreased copy number : 3p, 4p, 4q, 5q, 
12q, 13q, 14q, and 15q 
  High - level amplifi cations : rare 

   AFF2  AF4/FMR2 family member 2,  AKT1  V-Akt murine thymoma viral oncogene homolog 1,  CBFB  core-binding 
factor subunit beta,  CDH1  cadherin 1, type 1, E-cadherin (epithelial),  CDKN1B  cyclin-dependent kinase inhibitor 1B 
(p27Kip1),  CTCF  CCCTC-binding factor (zinc fi nger protein),  FOXA1  forkhead box A1,  GATA3  GATA-binding pro-
tein 3,  MAP3K1  mitogen-activated protein kinase kinase kinase 1, E3 ubiquitin protein ligase,  MAP2K4  mitogen-acti-
vated protein kinase kinase 4,  MLL3  myeloid/lymphoid or mixed-lineage leukemia 3,  NCOR1  nuclear receptor 
corepressor 1,  NF1  neurofi bromin 1,  PIK3CA  phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha, 
 PIK3R1  phosphoinositide-3-kinase, regulatory subunit 1 (alpha),  PTEN  phosphatase and tensin homolog,  PTPN22  
protein tyrosine phosphatase, non- receptor type 22 (lymphoid),  PTPRD  protein tyrosine phosphatase, receptor type D, 
 RB1  retinoblastoma 1,  RUNX1  runt-related transcription factor 1,  SF3B1  splicing factor 3b, subunit 1, 155 kDa,  TBX3  
T-box 3,  TP53  tumor protein p53  

   Table 11.2    Molecular subtypes of breast cancer and their immunohistochemical (IHC) surrogates   

 Molecular subtype  IHC surrogate 

 Luminal A  ER(+) and/or PgR(+), HER2(−), Ki67 < 14 % (St Gallen) or ER(+), PR ≤ 20 %, HER2(−), 
Ki67 < 14 % (Prat A et al.) or ER(+) and/or PgR(+), HER2(−) (Blows FM et al.) 

 Luminal B  ER(+) and/or PgR(+), HER2(−), Ki67 ≥ 14 % (St Gallen) or ER(+), PgR > 20 %, HER2(−), 
Ki67 ≥ 14 % (Prat A et al.) or ER(+) and/or PgR(+), HER2(+) (Blows FM et al.) 

 HER2  ER(+/−), PgR(+/−), HER2(+) (St Gallen) or ER(−), PgR(−), HER2(+) (Blows FM et al.) 
 Basal-like  ER(−), PgR(−), HER2(−) (St Gallen) or ER(−), PgR(−), HER2(−), CK5/6(+) and/or EGFR (+) 

(Blows FM et al.) 

   CK  cytokeratin,  EGFR  epidermal growth factor receptor,  ER  estrogen receptor,  HER2  human epidermal receptor 2, 
 Ki67  antigen KI-67,  PgR  progesterone receptor  
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suboptimal concordance with microarray results, 
the most important areas of uncertainty being as 
follows: (1) the discrimination between luminal 
A and B subtypes. Because proliferation-related 
genes are the driving factor to defi ne them, they 
constitute a continuum rather than a binary set of 
characteristics Ki67, and, more recently, PgR 
expression levels have been proposed as IHC 
markers to discriminate between these two sub-
types [ 16 ,  17 ]; (2) the lack of concordance 
between HER2-positive cases as defi ned by IHC 
and microarray platforms, with only 70 % of 
HER2-enriched cases by microarray showing 
IHC HER2 overexpression; and (3) the lack of 
concordance between basal-like tumors and cases 
of the triple-negative phenotype [ 18 ].

   In recent years, accumulating molecular biol-
ogy data have been generated in the fi eld of breast 
cancer, promising to improve all aspects of what 
has been called “personalized cancer medicine,” 
namely, better characterization, improved prog-
nostication, accurate prediction of response to 
therapeutics, and sensitive monitoring of the dis-
ease [ 19 ]. In the following sections, we provide a 
thorough overview of the different molecular 

tests already implemented in clinical practice for 
breast cancer patients (Table  11.3 ), as well as 
information about promising emerging methods 
of molecular testing.

       Molecular Tests in Clinical Practice 
for Breast Cancer 

    Estrogen and Progesterone 
Receptors 

 It has been known for more than 40 years now 
that most human breast cancers (up to 80 %) 
depend on estrogen and/or progesterone for 
growth and that this effect is mediated through 
their corresponding receptors, ER and PgR [ 20 ]. 
So far, two isoforms of ER have been identifi ed: 
ER-α and ER-ß [ 21 ]. Both of them are transcription 
factors binding estradiol and mediating the 
actions of estrogen, but they differ in their tran-
scriptional properties [ 22 ,  23 ]. Not much is 
known about the function of ER-ß, and the 
 majority of available clinical data and guidelines 
 presented here pertain to ER-α. PgR also exists as 

   Table 11.3    Molecular tests implemented in clinical practice for breast cancer and the information they provide   

 Molecular test  Classifi cation 

 Prognostic value  Predictive value 

 Early stage  Metastatic stage  Early stage  Metastatic stage 

 Steroid receptors 
status (ER/PgR IHC) 

 Yes  Yes  Yes  Yes (endocrine therapy)  Yes (endocrine 
therapy) 

 HER2 status (IHC 
and/or FISH, CISH) 

 Yes  Yes  Yes  Yes (HER2 blockade)  Yes (HER2 
blockade) 

 Ki67 (IHC)  Yes  Yes  NA  Generic chemosensitivity  NA 
 Oncotype DX  No  Yes  NA  Generic chemosensitivity  NA 
 MammaPrint  No  Yes  NA  Generic chemosensitivity  NA 
 Genomic grade 
index (GGI) 

 Yes  Yes  NA  Generic chemosensitivity  NA 

 EndoPredict  No  Yes  NA  NA  NA 
 PAM50/ROR  Yes  Yes  NA  Generic chemosensitivity  NA 
 CellSearch  No  Yes  Yes  Under investigation  Under investigation 
 BRCA1/2 mutation 
analysis 

 Yes  Under 
investigation 

 NA  Under investigation 
(platinum compounds) 

 Potentially yes 
(PARP inhibitors/
platinum compounds) 

   BRCA1 / 2  breast cancer 1/2, early onset,  CISH  chromogenic in situ hybridization,  ER  estrogen receptor,  FISH  fl uores-
cence in situ hybridization,  HER2  human epidermal receptor 2,  IHC  immunohistochemistry,  NA  not available,  PgR  
progesterone receptor  
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two  isoforms, A and B; however, little is known 
about their relative biological and clinical signifi -
cance [ 24 ]. 

 Originally, ER and PgR were quantifi ed by 
using ligand-binding assays (LBAs), i.e., assays 
based on the competitive binding of a radiola-
beled steroid ligand to the receptors [ 25 ]. Since 
the early 1990s, LBAs have been replaced by 
immunohistochemistry (IHC) (Fig.  11.1 ). IHC 
provides information about both the percentage 
of positive cells and the intensity of staining 
within individual cells and has several advan-
tages over LBAs, such as its simplicity and 
wider applicability. However, several reports 
have shown that ER and PgR assays can vary 
from one laboratory to another, and this in rela-
tion to several factors, such as specimen han-
dling, tissue fi xation, antigen retrieval, and 
antibody type [ 26 – 28 ].

   To improve the accuracy of ER and PgR 
assays, a panel of the American Society of 
Clinical Oncology (ASCO) and College of 
American Pathologist (CAP) has issued recom-
mendations on ER and PgR testing and reporting 
in breast cancer [ 29 ]. According to these guide-
lines, breast cancers that have >1 % of cells stain-
ing positive for ER and/or PgR should be 
considered as ER and/or PgR positive. The quan-
tifi cation of ER and/or PgR mRNA by reverse 
transcriptase-polymerase chain reaction 
(RT-PCR), per se or as part of a multigene assay 
(see below), constitutes another measurement 
option, but it is currently not recommended to 
replace IHC [ 30 ]. 

 The prognostic signifi cance of hormone 
receptor expression is ambiguous. Much 
 evidence has shown that patients with stage I, 
ER-positive breast cancer who receive no 

  Fig. 11.1    Photomicrograph of IHC assessment of ER ( a ), PgR ( b ), Ki67 ( c ), and HER2 ( d ) in representative cases of 
invasive ductal carcinoma of the breast (magnifi cation ×20)       
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 systemic therapy after surgery have a 5–10 % 
lower likelihood of recurrence at 5 years than 
patients with ER-negative disease [ 31 – 33 ]. 
However, the advantage of ER positivity in 
terms of risk of relapse and death diminishes 
over time, probably as an effect of the benefi ts 
of adjuvant  chemotherapy in hormone receptor-
negative cancers [ 34 – 36 ]. The independent 
prognostic contribution of PgR expression has 
also been evaluated; clinical evidence suggests 
that patients with ER/PgR-positive breast can-
cers have a better prognosis than patients with 
ER-positive and PgR- negative cancers, who in 
turn have a better prognosis than ER/PgR-
negative ones [ 37 ,  38 ]. 

 ER is the most important predictive biomarker 
in breast cancer as a predictor of response to 
endocrine therapy. Tamoxifen, a selective ER 
modulator, represents an established adjuvant 
endocrine therapy. In women with ER-positive 
breast cancer, adjuvant tamoxifen has been 
shown to decrease the annual odds of recurrence 
by 39 % and the annual odds of death by 31 %, 
and this irrespective of age, lymph node involve-
ment, menopausal status, and the use of chemo-
therapy [ 39 ]. In postmenopausal women, several 
studies have shown that, compared to long-term 
tamoxifen therapy, the use of a third-generation 
aromatase inhibitor (AI) lowers the risk of ipsi-
lateral, contralateral, and distant relapse when 
used as initial adjuvant therapy, sequential ther-
apy, or extended therapy [ 40 – 51 ]. In premeno-
pausal women, tamoxifen remains the standard 
of care, and the role of ovarian suppression is 
under investigation [ 52 – 54 ]. 

 Besides the presence of ER, evidence suggests 
that ER quantitative expression levels could pre-
dict the magnitude of benefi t from endocrine 
therapy [ 55 ,  56 ]. In the rare ER-negative, PgR- 
positive breast cancers, limited benefi t from 
tamoxifen has been reported, but hormone treat-
ment is widely recommended anyway [ 57 ]. 

 Great efforts have been invested to identify 
which patients with ER-positive early breast 
cancer could benefi t from additional adjuvant 
chemotherapy. This has given rise to a series of 
multigene signatures, which can be of help in 
treatment decision-making, as discussed below [ 58 ]. 
Clinical evidence has been generated to support 

the hypothesis that ER status predicts the 
response to neoadjuvant chemotherapy; specifi -
cally, ER-negative breast cancers seem more 
likely to achieve a pathologic complete response 
(pCR) after chemotherapy than ER-positive 
ones [ 59 ,  60 ]. 

 Breast cancer patients with metastatic disease 
expressing hormone receptors are candidates for 
initial endocrine treatment. In recent years, AIs 
have become standard fi rst-line treatment in post-
menopausal women based on the results of sev-
eral randomized trials showing their enhanced 
effi cacy over tamoxifen [ 61 – 65 ]. Of interest, data 
show that in the metastatic setting, response to 
antiestrogens is better among patients expressing 
both ER and PgR than in patients with ER-positive 
cancers lacking PgR expression [ 66 ]. 

 Because of the data discussed above, current 
guidelines recommend performing ER and PgR 
testing for all newly diagnosed breast cancers, as 
well as for any local or distant recurrence. 
Moreover, patients with hormone receptor- 
positive disease should receive hormonal therapy 
unless otherwise contraindicated [ 67 ].  

    Human Epidermal Growth Factor 
Receptor 2 

 The human epidermal growth factor receptor 2 
(HER2) is a transmembrane glycoprotein belong-
ing to the epidermal growth factor receptor 
(ErbB) family that plays a role in cell growth, dif-
ferentiation, adhesion, and motility [ 68 ,  69 ]. 
HER2 is expressed at low levels in a variety of 
normal epithelia, including breast duct epithe-
lium, but amplifi cation of the gene and concomi-
tant protein overexpression are present in up to 
30 % of primary breast cancers [ 70 ]. 

 HER2 testing has become an integral part of 
the diagnostic workup of all patients with primary 
breast cancers and those with newly recurrent 
metastasis. Usually, HER2 status is fi rst assessed 
by IHC (Fig.  11.1 ); in cases of equivocal protein 
expression levels,  HER2  gene copy  number is 
defi ned using fl uorescent in situ  hybridization 
(FISH) or chromatin in situ  hybridization (CISH). 
Defi ning HER2 status based on mRNA assays is 
currently not recommended. 
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 Performing IHC for HER2 poses several 
 challenges, because both accurate and semiquan-
titative assessments are critical. Despite the tight 
association existing between  HER2  gene amplifi -
cation and protein overexpression [ 71 ], several 
reports have shown that IHC can have variable 
ability to identify  HER2 -amplifi ed tumors and 
that discordance rates may represent up to 20 % 
if HER2 testing is performed in low volume, 
local laboratories [ 72 – 75 ]. In order to overcome 
these problems, ASCO and CAP have released 
guidelines for HER2 testing in breast cancer; of 
note, the guidelines require laboratories be vali-
dated for HER2 testing before they start perform-
ing the assays [ 76 ]. 

 The value of HER2 as a prognostic marker is 
controversial. Available evidence shows that 
HER2 overexpression in patients with breast can-
cer who did not receive adjuvant systemic ther-
apy is associated with poor prognosis in both 
node-negative and node-positive disease [ 70 , 
 77 – 80 ]. However, most of these studies were 
conducted before trastuzumab was approved for 
use in the adjuvant treatment of high-risk patients 
with HER2-positive breast cancer (see below). 
For this reason, an ASCO expert panel recom-
mended against the use of HER2 amplifi cation 
and/or overexpression solely to determine prog-
nosis in patients with early breast cancer [ 81 ]. 

 The major utility of HER2 amplifi cation and/
or overexpression is as a predictive marker for 
chemotherapy, targeted therapy, and endocrine 
therapy. Retrospective analyses have demon-
strated that HER2-positive breast cancers are 
more sensitive to anthracycline-based adjuvant 
regimens than to non-anthracycline-based ones 
[ 82 – 85 ] and that the dose of doxorubicin may be 
important in defi ning the effi cacy of the treatment 
[ 82 ,  86 ]. The role of topoisomerase IIa and 
 polysomy of chromosome 17 in conferring this 
sensitivity has been investigated [ 87 ,  88 ]. HER2-
positive breast cancers seem to benefi t from the 
administration of paclitaxel [ 89 ], while they seem 
relatively resistant to cyclophosphamide- based 
regimens [ 90 – 92 ]. 

 HER2 status serves as a predictive factor for 
response to trastuzumab, the humanized mono-
clonal antibody directed against the extracellular 

domain of the HER2 receptor. Trastuzumab was 
fi rst shown to improve response rates, time to 
progression, and overall survival in patients with 
HER2-positive metastatic breast cancers, either 
alone or in combination with chemotherapy [ 93 –
 95 ]. The results of pivotal randomized clinical 
trials have also shown that in the adjuvant setting, 
trastuzumab signifi cantly reduces the risk of 
recurrence and mortality of patients with HER2- 
positive early-stage breast cancer, independently 
of ER status, tumor size, or nodal status [ 96 – 101 ]. 
Consequently, trastuzumab has become one of 
the most successful targeted drugs. 

 Adding trastuzumab to neoadjuvant chemo-
therapy regimens has shown to improve the rate 
of pCR [ 102 ,  103 ]. Moreover, in two recent inde-
pendent, multicentric, neoadjuvant clinical trials, 
a signifi cantly higher pCR rate was observed 
with dual anti-HER2 blockade (i.e., trastuzumab 
and either the tyrosine-kinase inhibitor lapatinib 
or the monoclonal antibody pertuzumab), con-
fi rming the relevance of neoadjuvant HER2- 
targeted treatment for HER2-positive breast 
cancers [ 104 ,  105 ]. 

 Several HER2-blocking agents with diverse 
mechanisms of actions are under clinical devel-
opment for HER2-overexpressing breast cancers 
and promise to improve the management of this 
breast cancer subtype [ 106 ,  107 ]. Of interest, 
some of these agents seem active in patients 
expressing truncated cytoplasmic HER2 recep-
tors (p95HER2), which seems to confer resis-
tance to trastuzumab [ 108 ]. 

 There is also evidence suggesting that HER2 
positivity may predict for resistance to some 
endocrine therapies; however, the data are con-
troversial, and HER2 expression is currently not 
considered an exclusion criterion for the use of 
endocrine treatment in patients with hormone 
receptor-positive breast cancers [ 67 ]. 

 It is worth mentioning that uncertainty about 
the threshold currently used to defi ne HER2 pos-
itivity has recently arisen because of data show-
ing a signifi cant benefi t from trastuzumab for 
patients defi ned as HER2 negative on central 
testing [ 109 – 111 ]. Several studies have 
addressed whether circulating HER2 protein 
extracellular domain levels could better predict 
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response to HER2-directed treatment; the results 
are  controversial [ 112 ] and, until more informa-
tion is available, a change in standard practice is 
not warranted.  

    Ki67 

 Ki67 antigen, initially identifi ed 30 years ago 
[ 113 ], represents a biological marker commonly 
assessed in breast cancer, infl uencing treatment 
decisions for endocrine therapy and chemother-
apy of the primary tumor. Evidence supports the 
involvement of this protein in polymerase 
I-dependent rRNA synthesis, without a fully 
clear picture to the present day about its func-
tional importance [ 114 ,  115 ]. Ki67 is assessed 
with immunohistochemistry (IHC) using several 
antibodies (MM-1, Ki-S5, SP-6), among which 
MIB-1 has predominated daily practice (Fig. 
 11.1 ). Overall, the measurement is based on the 
percentage of breast cancer cells stained in their 
nuclei by the antibody, a strenuous and poorly 
reproducible task. To overcome these hurdles, 
automated readers have been developed, which 
can be applied to both tumor biopsies and fi ne 
needle aspirates [ 116 ,  117 ]. 

 Evidence supporting the clinical usefulness of 
Ki67 assessment has been generated and sustains 
this biological marker as valuable tool for IHC 
approximation of molecular subtyping of breast 
cancer and as a prognostic and predictive bio-
marker. The Ki67 labeling index has been shown 
to enable the distinction between luminal A and 
B subtypes, with the best Ki67 index cutoff point 
for this purpose being 14 % [ 16 ]. Multiple stud-
ies have reported the prognostic impact of Ki67 
in the setting of early-stage breast cancer. Meta- 
analyses have been also conducted and indicate 
that Ki67 positivity is a negative prognosticator 
in terms of both disease-free survival (DFS) and 
overall survival (OS) [ 118 ,  119 ]. 

 Data supporting a predictive role for Ki67 in 
the adjuvant, neoadjuvant, and metastatic settings 
have been generated, though not always consis-
tently. In the adjuvant setting, the fi ndings of the 
randomized trials assessing the predictive role of 

Ki67 can be summarized as follows: (1) Ki67 
positivity might predict a benefi t for adjuvant 
letrozole compared with adjuvant tamoxifen, as 
shown by the Breast International Group’s BIG 
1–98 trial, which randomized 4,922 patients to 
receive tamoxifen or letrozole in four different 
arms [ 116 ]. Using 11 % as a Ki67 cutoff point, 
the magnitude of treatment benefi t achieved by 
letrozole compared to tamoxifen was higher in 
the subgroup of patients with high Ki67 expres-
sion levels (HR [Let:Tam] = 0.53; 95 % CI, 0.39–
0.72) than what was estimated for patients with 
low Ki67 expression levels (HR [Let:Tam] = 0.81; 
95 % CI, 0.57–1.15), with the p value for Ki67 
and treatment interaction being 0.09; (2) Ki67 
positivity might predict a benefi t from adjuvant 
taxanes, as indicated by the Breast Cancer 
International Research Group (BCIRG) 001 and 
the PACS01 trials [ 120 ,  121 ]. BCIRG 001 ran-
domized patients to receive doxorubicin and 
cyclophosphamide with either fl uorouracil (FAC) 
or docetaxel (TAC) and stratifi ed them into the 
four intrinsic subtypes. For the subgroup of lumi-
nal B breast cancer patients (defi ned as hormone 
receptor positive, HER2 positive, and/or 
Ki67 > 11 %), the taxane-containing regimen 
showed improvement over the taxane-free one, 
with a 3-year DFS of 85.2 % for TAC and 79.0 % 
for FAC chemotherapy (HR = 0.66; 95 % CI, 
0.46–0.95,  p  = 0.025) [ 120 ]. PACS01 randomized 
patients to receive six cycles of fl uorouracil, epi-
rubicin, and cyclophosphamide (FEC) or three 
cycles of FEC followed by three cycles of 
docetaxel. Using a Ki67 cut point of 20 % or 
more to indicate Ki67 positivity, the docetaxel- 
containing chemotherapy was associated with 
reduced HR for relapse in the ER-positive/Ki67- 
positive group of patients (HR = 0.51; 95 % CI, 
0.26–1.01) compared with ER-positive/Ki67- 
negative patients (HR = 1.03; 95 % CI, 0.69–1.55) 
[ 121 ]. (3) High Ki67 does not predict benefi t of 
chemotherapy over hormonal treatment alone, as 
indicated by the International Breast Cancer 
Study Group (IBCSG) trials VIII and IX [ 122 ]. 

 In the neoadjuvant setting, several studies have 
associated Ki67 with response to  chemotherapy, 
defi ned as either clinical or pathologic response. 
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However, these results are inconsistent, with two 
neoadjuvant chemotherapy studies failing to show 
a correlation between Ki67 levels and sensitivity 
to treatment [ 123 ,  124 ]. Importantly, there is no 
data to support using Ki67 expression levels to 
predict for response to specifi c chemotherapy 
regimens. In terms of Ki67 as a predictive bio-
marker for response to neoadjuvant endocrine 
therapy, two studies with monotherapy, assessing 
tamoxifen ( n  = 54) and letrozole ( n  = 63), respec-
tively, were negative ( p  = 0.08 and not reported, 
respectively) [ 125 ,  126 ]. 

 The potential predictive role of Ki67 in the 
metastatic setting has been less extensively stud-
ied. Two studies associated Ki67 expression sta-
tus with either response rate to endocrine therapy 
( p  = 0.024) [ 127 ] or time to endocrine therapy 
failure ( p  = 0.047) in univariate analysis [ 128 ], 
with lack of evidence for a predictive role of 
Ki67 in multivariate analysis performed in the 
second study ( p  = 0.16). Another study assessing 
trastuzumab with or without chemotherapy in 
HER2-positive metastatic breast cancer patients 
( n  = 74) failed to show an association of Ki67 
with time to treatment failure in both univariate 
and multivariate analysis [ 129 ].   

    Gene Prognostic Signatures 

 Gene expression profi ling studies have been 
conducted in an attempt to improve the prog-
nostication conferred by standard clinicopatho-
logic parameters assessed in patients with 
early-stage breast cancer. These studies have 
led to the generation of gene signatures cur-
rently commercially available, which will be 
described in this section. Interestingly, some of 
these gene signatures have been retrospectively 
evaluated as potential predictive biomarkers, 
and they have been shown to assess generic 
chemosensitivity. This chemosensitivity 
assessment mostly derives from their ability to 
quantify the proliferation status of breast can-
cer cells [ 1 ]. 

    Oncotype DX ®  

 This is a 21-gene, quantitative reverse transcriptase-
polymerase chain reaction (qRT- PCR)-based 
assay, initially developed to assess the risk of 
recurrence in women with lymph node-negative, 
ER-positive, tamoxifen-treated breast cancers 
[ 130 ]. This gene signature was developed by 
selecting genes from among a list of 250 
 candidates identifi ed on the basis of existing bio-
logic knowledge, the so-called “candidate- gene” 
approach. The Oncotype DX ®  assay provides a 
“recurrence score” (RS), which is a continuous 
variable that assigns patients to three different risk 
groups according to the probability of recurrence 
at 10 years: low risk, intermediate risk, and high 
risk, with 10-year distant recurrence rates of 7 %, 
14 %, and 30 %, respectively, according to the ini-
tial discovery study assessing a cohort of patients 
enrolled in the National Surgical Adjuvant Breast 
and Bowel Project trial B-14 [ 130 ]. A subsequent 
study assessed Oncotype DX ®  in patients enrolled 
in the Arimidex, Tamoxifen, Alone or in 
Combination (ATAC) trial and showed statisti-
cally signifi cant prognostication for both lymph 
node-negative ( p  < 0.001) and lymph node-positive 
disease ( p  = 0.002) [ 131 ]. 

 Additional confi rmation for RS being prog-
nostic for lymph node-positive breast cancer 
patients treated with tamoxifen has been gener-
ated [ 132 ]. Retrospective analyses have associ-
ated RS with clinical outcome, showing that it 
provides prognostication independently of stan-
dard clinicopathologic parameters [ 133 ]. 
Importantly, one randomized phase III clinical 
trial, TAILORx (Trial Assigning Individualized 
Options for Treatment) (NCT00310180), is pro-
spectively assessing the clinical utility of 
Oncotype DX ® . Patients with node-negative, hor-
mone receptor-positive breast cancer showing an 
intermediate RS have been randomized to receive 
endocrine therapy alone or endocrine therapy 
plus chemotherapy. The primary research ques-
tion is whether patients with intermediate RS can 
be safely spared adjuvant chemotherapy.  
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    MammaPrint ®  

 This is a 70-gene microarray platform/qRT-PCR- 
based assay, initially identifi ed by scientists from 
the Netherlands Cancer Institute, who retrospec-
tively investigated a cohort of 78 untreated 
patients with lymph node-negative breast cancer 
with tumor size <5 cm [ 134 ]. MammaPrint ®  was 
derived using the “top-down” approach, since it 
was developed by directly comparing global gene 
expression data between patient groups with dif-
ferent clinical outcomes without making a priori 
biological assumptions. The prognostic ability of 
this multigene prognosticator was subsequently 
validated by two independent retrospective stud-
ies [ 135 ,  136 ]. 

 A randomized phase III clinical trial, 
MINDACT (Microarray in Node Negative and 
0–3 Positive Lymph Node Disease May Avoid 
Chemotherapy Trial) (NCT00433589), is also 
prospectively assessing the clinical value of 
MammaPrint ® . Breast cancer patients with node 
negative or with up to three infi ltrated lymph 
nodes, any hormone receptor status, and 
 discordant risk stratifi cation as assessed by 
MammaPrint ®  and Adjuvant Online have been 
randomized to receive treatment on the basis of 
genomic or clinical risk, respectively. The pri-
mary research question is whether patients with 
low genomic but high clinical risk can safely 
avoid adjuvant chemotherapy.  

    MapQuant Dx™ 

 Sotiriou et al. used the “bottom-up” discovery 
strategy to capture histological grade through a 
characteristic gene expression profi le [ 137 ]. 
A 97-gene signature was generated, called the 
genomic grade index (GGI), consisting of prolif-
eration and cell-cycle genes. Among 570 early- 
stage breast cancer patients, GGI consistently 
discriminated low-grade from high-grade breast 
cancer tumors. Importantly, GGI was able to clas-
sify grade II tumors into two separate groups of 

low and high genomic grade, exhibiting statistically 
signifi cant different clinical outcomes ( p  < 0.001). 
These fi ndings are clinically relevant: they indi-
cate GGI’s ability to provide accurate prognosti-
cation for grade II tumors, which constitute an 
area of uncertainty for clinical decision- making 
because of high interobserver discrepancy rates. 
Of note, the prognostic value of GGI was recently 
demonstrated in a cohort of 166 patients with 
invasive lobular breast cancer: in multivariate 
analysis, GGI was associated with invasive DFS 
( p  < 0.001) and OS ( p  = 0.01), outperforming his-
tological grade and providing additional prognos-
tication in comparison to standard clinicopathologic 
variables, including nodal status [ 138 ].  

    EndoPredict ®  

 This is an 11-gene qRT-PCR-based assay, assessing 
8 cancer-related and 3 normalization genes in 
paraffi n-embedded tumor tissue, providing a 
fi nal EndoPredict (EP) score ranging from 0 to 
15. The EP score was combined with nodal status 
and tumor size into a comprehensive clinico- 
genomic score, EPclin, the prognostication abil-
ity of which has been assessed in patients from 
the Austrian Breast and Colorectal Cancer Study 
Group (ABCSG)-6 and ABCSG-8 trials [ 139 ]. 
EPclin discriminated two prognostic groups with 
different clinical outcomes in terms of 10-year 
distant recurrence rates ( p  < 0.001 in both trials). 
Importantly, a retrospective analysis of 1,702 
postmenopausal patients with ER-positive/
HER2-negative breast cancer treated only with 
endocrine treatment showed that EPclin outper-
formed National Comprehensive Cancer Center 
Network, German S3, and St Gallen guidelines in 
terms of prognostic ability [ 140 ]. Lastly, a com-
parison between EndoPredict ®  and Oncotype 
DX ®  was performed among 34 hormone receptor- 
positive breast cancer patients: signifi cant but 
moderate concordance (76 %) and moderate 
 correlation (Pearson coeffi cient 0.65,  p  < 0.01) 
were reported [ 141 ].  
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    PAM50/ROR 

 This is a 50-gene intrinsic subtype predictor 
that was developed using microarray analysis 
and qRT-PCR data in a training set of 189 
lymph node-negative and lymph node-positive 
breast cancer samples [ 142 ]. A risk of relapse 
score (ROR) was provided, taking into account 
the PAM50-assigned intrinsic subtype, tumor 
size, and histologic grade. With respect to 
 accurate prognostication, this combined clin-
ico-genomic assay outperformed both clinico-
pathologic and subtype-based prognostic 
classifi cation in a lymph node-negative, 
untreated cohort of patients. The ROR score 
showed potential to accurately prognosticate 
patients with ER-positive, tamoxifen-treated 
early-stage breast cancer [ 143 ]. In another 
study, PAM50 prognostication was compared to 
that of IHC in a cohort of patients enrolled in 
the NCIC CTG MA.12 study, evaluating tamox-
ifen versus placebo in premenopausal breast 
cancer patients [ 144 ]. PAM50-based intrinsic 
subtype classifi cation was found to be prognos-
tic for both DFS ( p  = 0.0003) and overall sur-
vival (OS;  p  = 0.0002), whereas IHC-based 
classifi cation was not.  

    IHC4 

 IHC4 (AQUA ®  Technology) is a recurrence risk 
signature using the protein expression of four 
well-established prognostic markers, i.e., ER, 
PgR, HER2, and Ki67, as assessed by central 
IHC testing. The prognostication ability of IHC4 
was compared to Oncotype DX ®  in a cohort of 
1,125 patients with ER-positive breast cancer 
from the ATAC trial, with the two tests providing 
similar prognostic information [ 145 ]. In the same 
study, further validation of IHC4 was derived 
from a second cohort of 786 ER-positive breast 
cancer patients, where it was found to be signifi -
cantly prognostic.   

    Gene Signatures of Specifi c 
Pathway Activation Status 

 Diverse oncogenic molecular alterations have 
been observed in human cancer, with some of 
them aggregating in the same signaling pathway. 
This is best exemplifi ed by alterations affecting 
different molecular components of the PI3K sig-
naling pathway, such as PTEN loss,  PIK3CA , 
and/or  Akt1  mutations [ 146 ]. Such alterations 
infl uence the functional output of the correspond-
ing signaling pathway, which can be captured by 
either gene transcription analysis or specifi c 
phospho-antibodies assessing downstream mole-
cules that serve as readouts of the pathway acti-
vation status. This raises the prospect of assessing 
oncogenic pathway activation status as a poten-
tial predictive biomarker of response to targeted 
therapeutics. A recent example has been the 
development of a PI3K/mTOR-pathway gene 
signature (PIK3CA-GS), indicating low func-
tional output of the pathway [ 147 ]. Clinical data 
have recently been generated suggesting that the 
PIK3CA-GS can serve as a predictive biomarker 
for response to everolimus, an mTOR inhibitor, 
in ER-positive breast cancer [ 148 ].  

    Detection and Enumeration 
of Circulating Tumor Cells 

 Enumeration of circulating tumor cells (CTCs) is 
another molecular test applied in clinical practice 
in the metastatic setting of breast cancer. Among 
several CTC detection methods, to date 
CellSearch ®  (Veridex, Warren, NJ, USA) is the 
only one to have received US Food and Drug 
Administration (FDA) approval for the monitor-
ing of patients with metastatic breast cancer 
[ 149 ]. This is an automated enrichment and 
immune staining system used to isolate and enu-
merate CTCs, using antibody-coated magnetic 
beads to separate epithelial cell adhesion molecule 
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(EpCAM)-expressing epithelial cells from whole 
blood. After this fi rst enrichment step, triple fl uo-
rescence staining follows: nucleic acid dye 
(4’,6-diamidino-2-phenylindole dihydrochloride, 
or DAPI) stains cellular nuclei, antibodies spe-
cifi c for cytokeratins 8, 18, and 19 (pan-CK) 
defi ne epithelial cells, and CD45 identifi es leuco-
cytes. According to this protocol, a CTC is 
defi ned as a cell positively stained for DAPI and 
pan-CK, but not for CD45 [ 150 ]. 

 The number of CTCs detected in patients with 
metastatic breast cancer has been shown to be an 
independent prognostic factor of clinical outcome 
according to several studies. A prospective, multi-
center study assessed the potential of prognostic 
relevance of CTCs in 177 patients with measur-
able metastatic disease burden [ 149 ]. Using a cut-
off of ≥5 CTCs/7.5 mL of blood, CTCs were 
found to be an independent prognosticator for 
both progression-free survival (PFS) and OS. 
Following from the same study, evidence indicat-
ing the potential superiority of CTCs enumeration 
over traditional radiologic assessment for prog-
nostication in the metastatic setting has been gen-
erated in a subgroup of 138 of the original 177 
patients [ 151 ]. A retrospective analysis of 115 
metastatic breast cancer patients with CTC count-
ing and [(18) F]-fl uorodeoxyglucose (FDG) posi-
tron emission tomography (PET)/computed 
tomography (CT) performed at baseline and at 
9–12 weeks during therapy showed that in uni-
variate analysis, mid-therapy CTC count levels 
( p  < 0.001) and FDG-PET/CT response ( p  = 0.001) 
predicted OS, with the former being the only sig-
nifi cant prognostic factor in a multivariate analy-
sis ( p  = 0.004) [ 152 ]. Lastly, a prospective study 
of CTC detection by CellSearch ®  in 267 patients 
with metastatic breast cancer on fi rst-line treat-
ment confi rmed the prognostic relevance of CTC 
isolation and enumeration. CTCs ≥ 5/7.5 mL of 
blood was a statistically signifi cant prognostic 
factor for PFS and OS on multivariate analysis 
( p  = 0.03). Of note, the seventh edition of the 
American Joint Committee on Cancer Staging 
Manual (2010) defi ned a new M0(i+) stage of dis-
ease, acknowledging the clinical relevance of 
micrometastatic disease, which is defi ned as 
molecularly or microscopically detected cancer 
cells, with CTCs being part of it [ 153 ].  

    BRCA1/2 Mutational Testing 

  BRCA1 / 2  (breast cancer 1/2, early onset) repre-
sent the two most extensively studied breast can-
cer susceptibility genes, with genetic assessment 
of their mutational status currently implemented 
in clinical practice.  BRCA1  germline mutations 
confer a 50–70 % lifetime risk for development 
of invasive breast cancer, with the corresponding 
risk for  BRCA2  mutations reaching 40–60 %. 
In terms of selection of patients to be offered 
 BRCA1 / 2  mutational analysis, several guidelines 
have been developed, encompassing aspects of 
both family history and certain clinicopathologic 
characteristics of breast cancer disease. Regarding 
the method of assessment of the  BRCA1 / 2  muta-
tional status, full gene sequencing is one option. 
However, the predominance of specifi c founder 
mutations within populations of certain ethnic 
origin (e.g., the 185delAG and 5382insC  BRCA1  
mutations and the 6174delT  BRCA2  mutation 
within the Ashkenazi Jewish population) offers a 
simpler and less expensive form of targeted gene 
sequencing [ 154 ]. 

 There is accumulating evidence that  BRCA1 / 2  
mutational status can impact the clinical manage-
ment of breast cancer patients. The prognostic 
impact of  BRCA1 / 2  germline mutations is still 
unclear, with most but not all of the studies 
reporting deleterious effects. A meta-analysis of 
11 studies reported the negative prognostic 
impact of  BRCA1  germline mutations for newly 
diagnosed breast cancer patients in terms of both 
short-term and long-term OS rates, as compared 
to  BRCA  wild-type patients (HR = 1.92 [95 % 
CI = 1.45–2.53]; 1.33 [1.12–1.58], respectively) 
[ 155 ]. In the same study,  BRCA2  was shown to 
provide no prognostic information. The issue of 
the prognostic impact of  BRCA1 / 2  mutational 
status will be addressed by the POSH (Prospective 
study of Outcomes in Sporadic versus Hereditary 
breast cancer) study, which is prospectively iden-
tifying and following a cohort of 3,000 newly 
diagnosed early-onset (i.e., <40 years old) breast 
cancer patients [ 156 ]. 

  BRCA1 / 2  mutational status can infl uence 
locoregional treatment decision-making. Indeed, 
 BRCA -related breast cancer has been associated 
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with increased rates of both ipsilateral and, more 
consistently, contralateral breast cancer recur-
rence. Prophylactic contralateral mastectomy has 
been shown to signifi cantly decrease the risk of 
contralateral breast cancer and increase the DFS, 
with data about its effects on overall survival still 
missing. In terms of locoregional radiotherapy, 
no evidence exists to support a tailored approach 
for patients with germline  BRCA  mutations. 

  BRCA1 / 2  mutational status holds the potential 
to infl uence the choice of systemic treatment in 
breast cancer. Preclinical evidence supports a 
sensitivity of such tumors to DNA damaging 
agents, such as platinum compounds [ 157 ], with 
preliminary clinical data confi rming this in the 
neoadjuvant setting [ 158 ]. Preliminary clinical 
data suggest a potential innate resistance of 
 BRCA -related breast cancer to taxanes in the 
metastatic and neoadjuvant settings [ 159 ,  160 ]. 
Currently, there is an ongoing phase II clinical 
trial (NCT00321633) randomizing  BRCA1  and/
or  BRCA2-mutation  carriers with metastatic 
breast cancer to receive either carboplatin or 
docetaxel chemotherapy (with the addition of 
trastuzumab for the HER2-overexpressing cases). 

 Lastly, knowing a patient’s  BRCA1 / 2  muta-
tional status can open new therapeutic avenues, 
exploiting the concept of synthetic lethality, 
according to which two different gene defects 
lead to cellular death, whereas each one of them 
separately does not. Poly (ADP-ribose) poly-
merase (PARP) represents an important mediator 
of single-stranded DNA repair pathway. 
BRCA1/2 are functionally important mediators 
of homologous recombination (HR), a major 
repair mechanism for double-stranded DNA 
breaks. Upon pharmacological PARP inhibition, 
multiple double-stranded DNA breaks are formed 
during the DNA replication, so that cells with 
defective BRCA1/2-dependent DNA repair, as is 
the case for  BRCA  germline mutation carriers, 
are prone to apoptosis. This rationale supports 
the development of PARP inhibitors for BRCA- 
related breast cancer, with multiple clinical trials 
in development or currently ongoing.  

    Emerging Molecular Tests in Breast 
Cancer 

    Next-Generation Gene Sequencing 

 The advent of NGS techniques, enabling detailed 
sequencing of multiple genes in a single experi-
ment, is reshaping our understanding of breast 
cancer biology (Table  11.4 ) [ 11 ,  13 – 15 ,  161 , 
 162 ]. By elucidating the mutational landscape of 
breast cancer and thereby enabling us to dissect 
the intratumoral heterogeneity and clonal evolu-
tion governing this common disease in space and 
time, NGS holds the promise to improve several 
aspects of personalized breast cancer medicine. 
This includes identifying new therapeutic targets 
and predictive biomarkers for molecularly tar-
geted agents under clinical development. Of 
note, NGS techniques can be applied not only to 
tumor samples, but to plasma material as well, 
which could lead to plasma-based prognostic 
and/or predictive biomarkers. An exciting 
 prospect arising from NGS performed with 
plasma is the accurate monitoring of the dis-
ease, since micro- residual tumor burden could 
then be assessed with unprecedented accuracy. 
Circulating cell- free DNA assessment through 
NGS techniques was recently shown to be closely 
associated with response to therapy and clinical 

   Table 11.4    Next-generation sequencing and layers of 
genomic information it provides   

 Category  Alteration 

 Nucleotide sequencing  DNA mutations (whole 
genome/exome) 
 RNA mutations 

 Structural 
rearrangements 

 Intrachromosomal structural 
rearrangements 
 Interchromosomal structural 
rearrangements 
 Fusion transcripts 
 Splice variants 

 Other  Single-cell genome/
transcriptome sequencing 
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outcome in the metastatic setting [ 163 ]. Such 
applications in the adjuvant setting would be 
even more exciting; however, clinical data are 
still missing [ 164 ].

        Conclusions 

 Breast cancer is a heterogeneous disease 
encompassing diverse subtypes, with different 
molecular backgrounds, different sensitivity 
profi les to various treatment modalities, and 
different clinical outcomes. Currently, a limited 
number of molecular tests are routinely applied 
for the clinical management of these patients 
with breast cancer, referring mostly to ER, PgR, 
and HER2 testing and, less frequently, to Ki67 
assessment. Several prognostic multigene clas-
sifi ers of the disease have become commer-
cially available to improve prognostication, but 
their clinical utility remains to be proven. 
 BRCA1 / 2  mutational analysis is restricted to a 
small subpopulation of patients, and CTCs enu-

meration is mostly relevant in the metastatic 
setting, the latter still far from being performed 
on a routine basis. However, clinical investiga-
tion of these molecular tests is being under-
taken, as is active development of newly 
emerging technologies. NGS could have great 
impact on personalized breast cancer medicine 
in the future; however, it should be still consid-
ered experimental. Solid clinical evidence 
needs to be generated before new molecular 
tests (Fig.  11.2 ) can be implemented for the 
clinical management of breast cancer.
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           Hereditary Diffuse Gastric Cancer 

 The Lauren classifi cation broadly divides gastric 
cancer into two types: intestinal and diffuse. The 
diffuse type is also known as “linitis plastica” due 
to the resemblance of the involved stomach to a 
leather bottle. Histologically, diffuse gastric can-
cer is composed of infi ltrating individual “signet- 
ring cells,” so named due to the accumulation of 
cytoplasmic mucin compressing the nucleus to 
one side. The diffuse type is also known as signet- 
ring cell carcinoma in the WHO Classifi cation. 
While most diffuse gastric cancers are sporadic, 
approximately 1 % are familial. 

 The original criteria for diagnosis of heredi-
tary diffuse gastric cancer (HDGC) were the 
 following: (1) two or more documented cases of 
diffuse gastric cancer in fi rst- or second-degree 
relatives, with at least one diagnosed before the 
age of 50, or (2) three or more cases of docu-
mented diffuse gastric cancer in fi rst- or second- 
degree relatives, independent of the age of onset [ 1 ]. 
In order to increase detection rates, particularly 

in low incidence areas, these criteria were revised 
and expanded by the International Gastric 
Cancer Linkage Consortium (IGCLC) and now 
also include: (1) diffuse gastric cancer diagnosed 
before the age of 40, without requirement of a 
family history, and (2) personal or family history 
of diffuse gastric cancer and lobular breast can-
cer, one diagnosed below the age of 50 [ 2 ]. 

 The fi rst genetic susceptibility locus for 
HDGC was identifi ed in 1998 through study of a 
large Maori family from New Zealand [ 3 ]. Based 
on the pedigree pattern, the candidate susceptibil-
ity gene appeared to follow an autosomal domi-
nant pattern of inheritance with incomplete 
penetrance. Through linkage analysis using mic-
rosatellite markers fl anking candidate genes of 
interest, a signifi cant linkage to the CDH1 gene 
encoding the E-cadherin protein was identifi ed. 
E-cadherin is a transmembrane cell-adhesion 
glycoprotein, whose cytoplasmic domain con-
nects to the actin cytoskeleton through a catenin 
complex. E-cadherin plays an important role in 
maintaining cell–cell adhesion and polarity. In 
the original Maori kindred, sequencing of the 
CDH1 gene revealed a G to T single nucleotide 
substitution in exon 7 affecting the splice site and 
leading to a truncated protein. The role of the 
E-cadherin gene was further confi rmed in two 
other families. One contained an insertion of an 
additional cytosine residue, resulting in a frame-
shift mutation, and the other showed a C to T sub-
stitution in exon 13, leading to a premature stop 
codon. This report was the fi rst to demonstrate 
the implication of E-cadherin in HDGC. 
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 Since the discovery of the role of E-cadherin, 
it has been shown that approximately 30–50 % of 
patients meeting clinical criteria for HDGC have 
a germline mutation in the CDH1 gene. Germline 
CDH1 mutations occur throughout the 16 exons 
with no reported hot spots. Mutations may 
include insertions, deletions, and point mutations 
and have variable effects on the protein such as 
truncation, altered structure, deletion of key 
domains, or instability of the mRNA. A small 
proportion (6.5 %) of the so-called CDH1- 
negative HDGC were found to have large 
genomic deletions detected by multiplex ligation- 
dependent probe amplifi cation (MLPA) [ 4 ]. As 
CDH1 is a tumor suppressor gene, both genes 
must be mutated or inactivated for the develop-
ment of disease. The second gene may become 
inactivated by mutation or methylation, the 
mechanism and trigger of which are yet to be 
understood. 

 Patients who fulfi ll diagnostic criteria for 
HDGC described above should be referred for 
genetic testing [ 2 ]. Testing may be done on blood 
leukocytes, mucosal epithelial cells, or paraffi n- 
embedded tissue. As the quality of the DNA may 
be compromised in formalin-fi xed paraffi n- 
embedded tissue, testing living individuals is 
preferable if possible. Since mutations may occur 
anywhere in the CDH1 gene, and genetic 
sequencing has become cost- and time-effi cient, 
sequencing the entire coding portion and intron–
exon boundaries is usually performed. Once a 
mutation is identifi ed within a family, targeted 
sequencing of the exon involved can be done to 
identify other individuals at risk. 

 Individuals with a CDH1 mutation carry an 80 % 
lifetime risk of diffuse gastric cancer by age 80, 
for both men and women [ 2 ]. The age at onset is 
variable with an average of 38 years (range 14–85 
years). For women, the risk of lobular breast can-
cer is 60 % by age 80 with an average age of 53 
years at the time of diagnosis. In some families, 
there is also an increased risk of colon cancer 
with signet-ring cell features [ 5 ]. 

 Given the high penetrance of diffuse gastric 
cancer, individuals who test positive for a 

CDH1 mutation should be advised to undergo 
prophylactic gastrectomy [ 2 ]. There is no con-
sensus as to the optimal timing for this operation. 
If prophylactic gastrectomy is not performed, 
annual endoscopic surveillance should be done. 
Consensus guidelines advise at least 30 biopsies: 
six from each of the antrum, transitional zone, 
body, fundus, and cardia. In Maori families, early 
invasive tumors tend to cluster in the body-
antral transition zone, while in North American 
and European families, carcinoma was most 
often found proximally [ 2 ,  6 ]. Negative biop-
sies however do not exclude the presence of 
invasive carcinoma. A study of ten prophylactic 
gastrectomies examined in toto histologically 
determined that 1,768 biopsies are required to 
detect at least one cancer focus with a 90 % 
detection rate [ 6 ]. In fact 81–93 % of prophy-
lactic gastrectomies with negative preoperative 
biopsies contained at least one focus of early 
invasive signet-ring cell carcinoma [ 2 ]. Most 
cases without invasive carcinoma contained 
small foci of in situ signet-ring cell carcinoma. 

 Currently there is limited data to support a 
particular breast cancer screening strategy for 
women with CDH1 mutations. Based on recom-
mendations in other hereditary breast cancer syn-
dromes, the consensus guidelines recommend 
annual screening mammograms and MRI starting 
at age 35 or 5–10 years prior to earliest breast 
cancer diagnosis in the family [ 2 ,  5 ]. Prophylactic 
mastectomy may also be considered, but there is 
limited data to support this measure as a primary 
recommendation. Similarly, there is limited data 
on the risk of signet-ring colon cancer and at this 
time increased screening is limited to those fami-
lies with documented cases. 

 In summary, HDGC is a syndrome of diffuse 
gastric cancer and lobular breast cancer diag-
nosed clinically based on consensus criteria. 
While many of these tumors are due to germline 
mutations in the CDH1 gene encoding the 
E-cadherin protein, it is clear that there are still a 
number of molecular markers yet to be discov-
ered as in many familial cases a CDH1 mutation 
is not found.  
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    HER2 in Gastric and 
Gastroesophageal Junction Cancer 

 HER2 is a transmembrane receptor that is part of 
the epidermal growth factor receptor family. The 
HER2 protein is encoded by the ERBB2 gene 
located on the long arm of chromosome 17 
(17q12). Dimerization of HER2 results in phos-
phorylation of the intracytoplasmic tyrosine 
kinase residues and triggers a variety of signaling 
pathways, including MAPK, PI3K/Akt, PKC, 
and others, resulting in cell proliferation, apopto-
sis, cell migration, and differentiation. HER2 
amplifi cation or overexpression has been impli-
cated in a number of cancers, but has been most 
well established in breast cancer. Trastuzumab 
(Herceptin) is a monoclonal antibody that targets 
the HER2 receptor and inhibits cell growth by 
inhibiting HER2-mediated signaling and induc-
ing antibody-dependent cellular cytotoxicity [ 7 ]. 
Trastuzumab has proven survival advantage in 
breast cancer and has become standard of care. 

 In 2010, treatment of gastric cancer greatly 
evolved based on the results of the trastuzumab 
for Gastric Cancer Study (ToGA trial) [ 8 ]. Prior 
to this study, treatment of advanced gastric can-
cer was limited to fl uoropyrimidine-based or 
platinum-based chemotherapy and despite treat-
ment, overall median survival remained <1 year. 
This international, randomized, phase III clinical 
trial demonstrated the survival benefi t of trastu-
zumab in patients with HER2-positive advanced 
gastric or gastroesophageal junction (GEJ) ade-
nocarcinoma and was the fi rst evidence for 
molecular targeted therapy in gastric cancer. 

 HER2 positivity is present in approximately 
20–30 % of gastric and GEJ tumors. GEJ tumors 
are more likely to be HER2 positive as well as 
tumors of intestinal type, compared to diffuse or 
mixed types. 

 Due to the results of this landmark trial, HER2 
testing is now performed on all gastric and GEJ 
tumors in patients being considered for chemo-
therapy. Testing is performed by immunohisto-
chemistry (IHC) or a combination of IHC and in 
situ hybridization (ISH). In the ToGA trial, sur-
vival benefi t was seen in patients who were scored 

at 3+ by IHC or 2+ with HER2 amplifi cation by 
fl uorescence in situ hybridization (FISH). Patients 
with a 0 or 1+ score by IHC with FISH amplifi ca-
tion did not show signifi cant benefi t with the addi-
tion of trastuzumab to standard chemotherapy; 
therefore, high expression of HER2 protein was 
most predictive of treatment response. While test-
ing methods are similar to breast cancer, gastric 
and GEJ tumors have some unique challenges and 
criteria for HER2 positivity differ. 

 The criteria for scoring HER2 by IHC and 
ISH differ in gastric/GEJ cancer, as compared 
to breast. Applying the breast criteria would 
generate false negative results, thereby elimi-
nating eligible patients who would benefi t from 
trastuzumab therapy. In gastric/GEJ tumors, 
basolateral or lateral membrane staining is 
acceptable [ 8 ,  9 ]. The “magnifi cation rule” is a 
practical method to determine the IHC score [ 10 ]. 
Briefl y, the scores are defi ned as follows: 3+ if 
strong membranous staining visible at low mag-
nifi cation (×2.5–5) (Fig.  12.1 ), 2+ for weak to 
moderate membranous staining visible at ×10–20 
magnifi cation, 1+ for faint or barely perceptible 
membranous staining visible only at ×40 mag-
nifi cation, and score 0 if no membranous stain-
ing [ 10 ]. Assessment is also different in surgical 
resection specimens versus biopsies. In surgical 
resections, a cutoff of ≥10 % of cells is required, 
whereas in biopsies, reactivity in only ≥5 clus-
tered cells is needed. Differing criteria were 
established due to the prevalence of tumor het-
erogeneity in gastric/GEJ tumors. Similar to 
breast, a score of 3+ is HER2 positive, 0 or 1+ 
negative, and 2+ equivocal and requires further 
testing by ISH (Table  12.1 ).

    Tumors that are equivocal by IHC (score 2+) 
require testing for HER2 amplifi cation by ISH. 
Both FISH and brightfi eld ISH methods use probes 
that hybridize to the HER2 gene on chromosome 
17 or to its centromere (CEP17). Signals in indi-
vidual cells are then counted and the HER2:CEP17 
ratio is calculated. A tumor is considered ampli-
fi ed if the ratio of HER2 signals to CEP17 is ≥2.0 
or the average copy number of HER2 is >6 [ 8 ,  10 ]. 
These criteria differ from breast where a ratio of 
≥2.2 is needed. Due to the prevalence of tumor 
heterogeneity, it is recommended that the entire 
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section be scanned for amplifi ed regions. The IHC 
slide can also be used as a guide as areas with 
strong HER2 staining are more likely to show 
amplifi cation. At least 20 nuclei should be counted 
and if the HER2:CEP17 ratio falls between 1.8 and 
2.2, an additional 20 nuclei should be scored [ 10 ]. 
A number of ISH methods can be used. 
Traditionally, FISH was performed and is consid-
ered by some to be the “gold standard.” A number 
of brightfi eld methods have been recently devel-
oped which prove benefi cial in gastric/GEJ tumors 
due to the preservation of tumor morphology, 
which is helpful in identifying amplifi ed regions in 
the case of tumor heterogeneity (Fig.  12.1b ) [ 11 ]. 

 HER2 testing and treatment with trastuzumab 
is likely just the beginning in molecular targeted 
therapy in gastric/GEJ tumors. Studies are cur-
rently underway investigating the use of small 
molecule inhibitors of the HER2 tyrosine kinase 
domain and therapies targeting downstream- 
activated pathways.  

    Gastrointestinal Stromal Tumors 

 Gastrointestinal stromal tumors (GISTs) are the 
most common mesenchymal neoplasm in the 
gastrointestinal tract. They have been reported in 

   Table 12.1    Immunohistochemistry scoring criteria for HER2 in gastric and gastroesophageal junction tumors [ 8 ,  10 ]   

 Score  Staining intensity  Magnifi cation rule 
 Quantifi cation 
requirement  HER2 assessment 

 0  No membranous staining  No staining  ≥10 % resection 
specimen; ≥5 cohesive 
cells in biopsy 

 Negative 

 1+  Faint or barely 
perceptible; staining 
of only part of the 
membrane 

 Staining visible at high 
power magnifi cation (×40) 

 ≥10 % resection 
specimen; ≥5 cohesive 
cells in biopsy 

 Negative 

 2+  Weak to moderate 
complete, basolateral, 
or lateral membranous 
staining 

 Staining visible at ×10–20 
magnifi cation 

 ≥10 % resection 
specimen; ≥5 cohesive 
cells in biopsy 

 Equivocal 

 3+  Strong complete, 
basolateral, or lateral 
membranous staining 

 Staining visible at low 
magnifi cation (×2.5–5) 

 ≥10 % resection 
specimen; ≥5 cohesive 
cells in biopsy 

 Positive 

  Fig. 12.1    ( a ) HER2 overexpression by immunohistochemistry (IHC) (score 3+). ( b ) HER2 gene amplifi cation by 
brightfi eld chromogenic dual color in situ hybridization ( b ). HER2 =  black signal ; centromere of chromosome 17 =  red        
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all age groups, but most commonly present in the 
5th to 7th decade of life and show no sex predi-
lection. While GISTs may occur in any location, 
they are most commonly seen in the stomach 
(60 %), followed by the jejunum and ileum (30 %). 
GISTs may also occur in the mesentery, omentum, 
or retroperitoneum where they are referred to as 
extraintestinal GIST. Clinically, patients typically 
present with vague abdominal symptoms or, in 
approximately 20 % of cases, are asymptomatic 
and tumors are discovered  incidentally by imaging 
or at the time of endoscopy [ 12 ]. 

 GISTs are typically spindle cell neoplasms but 
may occasionally have an epithelioid morphol-
ogy, or even mixed (Fig.  12.2a ). Their risk for 
progressive disease is predicted based on tumor 
location, size, and mitotic rate [ 13 ,  14 ]. Prior to 
the availability of CD117 IHC, most GISTs were 
misclassifi ed as leiomyomas or neural tumors. 
Today, the diagnosis can be made in most cases 
based on CD117 staining (positive in approxi-
mately 95 % of GISTs) and/or DOG1 positivity 
(approximately 98 % of GISTs) (Fig.  12.2b ). 
DOG1 has been shown to be particularly helpful 
in KIT-negative tumors [ 15 ].

   KIT mutations are found in approximately 80 % 
of GISTs. KIT is located on the long arm of 
chromosome 4 and encodes a type III receptor 
tyrosine kinase. The receptor is composed of a 
ligand-binding extracellular domain, a transmem-
brane domain, a juxtamembrane domain, and two 

cytoplasmic tyrosine kinase domains. In the 
normal condition, binding of a ligand to the extra-
cellular domain triggers dimerization, phosphory-
lation of the intracytoplasmic tyrosine kinase 
domains, and activation of intracytoplasmic cas-
cades that results in cell proliferation. In GISTs, 
mutations lead to constitutional activation of the 
receptor and unregulated cell growth. Mutations 
most commonly occur in exon 11,  followed by 
exon 9, both coding for the juxtamembrane 
domain [ 16 ]. Exon 13 and exon 17 mutations are 
rare. In-frame deletions are the most common 
type of mutation observed in KIT, followed by 
single nucleotide substitutions, and duplications. 
Deletions almost exclusively occur in exon 11. 
Exon 11 mutations have been associated with a 
better prognosis and exon 9 a worse prognosis, 
although some studies contradict this fi nding 
[ 17 ,  18 ]. Exon 9 mutations are more commonly 
found in small intestinal GISTs [ 13 ]. 

 Approximately 7 % of GISTs have platelet- 
derived growth factor receptor alpha (PDGFRA) 
mutations. Similar to KIT, PDGFRA is also a 
type III receptor tyrosine kinase and is homolo-
gous in structure and function. KIT and PDGFRA 
mutations are mutually exclusive [ 19 ]. Mutations 
in PDGFR most often occur in exon 18, but may 
also be seen in exon 16 and exon 14. Single 
nucleotide substitutions are most common, fol-
lowed by deletions [ 20 ]. GISTs with PDGFRA 
mutations are strongly associated with gastric 

  Fig. 12.2    ( a ) Malignant mesenteric gastrointestinal stro-
mal tumor showing mixed epithelioid and spindle cell 
morphology and abundant mitotic activity. ( b ) IHC for 

CD117 is positive. The tumor was shown to carry a 
PDGFRA exon 18 mutation       
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or extraintestinal locations, show epithelioid 
morphology, and may be negative or only weakly 
positive for CD117. 

 GISTs that are negative for both KIT and 
PDGFRA mutations have been referred to as 
“wild type GISTs.” It is now becoming clear that 
many of these carry mutations in one of the suc-
cinate dehydrogenate (SDH) genes and are now 
known as “SDH-defi cient GISTs” [ 21 ]. SDH 
mutations are relatively common, particularly in 
the stomach, accounting for 5–10 % of all gastric 
GISTs [ 22 ]. SDH-defi cient GISTs are distinct 
from KIT- and PDGFRA-mutant GISTs in many 
ways. Histologically, they show a distinct multi-
nodular and plexiform growth pattern and are 
almost always epithelioid in morphology [ 22 ]. 
This pattern was previously observed in children 
(known as “pediatric-type” GIST) and in patients 
with Carney triad. We now know that almost all 
GISTs occurring in children are SDH-defi cient 
[ 22 ]. SDH-defi cient GISTs predominantly occur 
in children and young adults and are more likely 
to be syndromic (Carney triad or Carney–
Stratakis syndrome) with associated germline 
mutations in approximately 30 %. Unlike con-
ventional GISTs, the behavior of SDH-defi cient 
GISTs cannot be predicted based on size and 
mitotic activity. In addition, tumors are often 
multifocal, tend to metastasize to lymph nodes, 
and despite resistance to imatinib therapy, have 
an indolent clinical course [ 23 ]. 

 SDH is an enzyme complex localized to 
the inner mitochondrial membrane which links 
the Krebs cycle and electron transport chain. The 
SDH complex is composed of four subunits: 
SDHA, SDHB, SDHC, and SDHD. SCHC and D 
are the hydrophobic membrane anchoring sub-
units, while SDHA and B are the hydrophilic 
enzymatic portions. Loss of any member of the 
SDH complex destabilizes the entire unit and 
results in degradation of SDHB. Therefore, loss of 
SDHB expression observed by IHC is a marker of 
bi-allelic mutation/inactivation of any one of the 
SDH genes and can be used to identify individuals 
who should be offered formal genetic testing. 
Testing for germline mutations in all of the SDH 
subunit genes can be labor-intensive, particularly 
for SDHA as it is a large gene with 15 exons 

and due to the presence of three confounding 
pseudogenes, which show homology to SDHA. 
It has been shown that loss of SDHA by IHC is 
predictive of a germline mutation in the SDHA 
gene [ 24 ,  25 ]. 

 Overall, most GISTs are sporadic but some 
may occur as part of a syndrome. As mentioned 
above, SDH-defi cient GISTs may occur as part 
of Carney triad or Carney–Stratakis syndrome. 
Carney–Stratikis syndrome, characterized by 
multifocal GISTs, paraganglioma, and pheochro-
mocytoma, occurs secondary to a germline muta-
tion in one of the SDH subunits [ 26 ]. An 
underlying genetic cause is unknown for Carney 
triad. Carney triad typically occurs in young 
women and is characterized by gastric GISTs, 
paraganglioma, and pulmonary chondroma [ 27 ]. 
Families with germline mutations in KIT and 
PDGFRA have also been documented. In addi-
tion to GISTs, individuals in these families may 
also have hyperpigmentation, dysphagia, and 
urticaria pigmentosa. Syndromic GISTs may also 
occur in neurofi bromatosis type I (NF1). NF1 
GISTs are often multiple, tend to be located in 
the small bowel, and behave in an indolent fashion. 
NF1-related GISTs are “wild type” in that they 
do not have KIT, PDGFR, or SDH mutations. 
The mechanism by which these GISTs develop is 
not known but it is thought that the neurofi bromin 
protein may activate KIT through the RAS 
proto-oncogene. 

 Mutation analysis in GISTs may be helpful in 
diagnosis, particularly in CD117- and DOG1- 
negative tumors, but is also used to guide treat-
ment both at the time of diagnosis and in the 
setting of treatment resistance. Routine muta-
tional analysis is not recommended at this time, 
but is often done in academic centers and should 
be considered if treatment will be initiated, in 
cases with unusual clinical or histologic features, 
and in small intestinal GISTs due to the preva-
lence of exon 9 mutations. Tyrosine kinase inhib-
itors, such as imatinib mesylate and sunitinib 
malate, inhibit the ATP-binding domain of the 
KIT and PDGFRA receptor resulting in inactiva-
tion and inhibition of phosphorylation and down-
stream pathways. Variable response to treatment 
has been documented in various mutations. 
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GISTs with KIT exon 11 mutations tend to show 
the best response to imatinib compared to exon 9 
mutants and wild type GISTs. However, clinical 
trials have shown that increased dose (400 vs. 
800 mg) signifi cantly improved progression-free 
survival in those with exon 9 mutations [ 28 ]. 
GISTs with PDGFRA exon 18 Asp842Val have 
shown primary resistance to both imatinib and 
sunitinib therapy [ 29 ]. 

 Secondary treatment resistance, defi ned as 
progression of disease after a 6-month response 
period on imatinib, occurs in almost 50 % of 
GISTs and is mostly due to additional mutations. 
Unlike primary KIT mutations, which occur in 
the exons coding for the juxtamembrane regions, 
resistance mutations mainly occur in exons 13 
and 14, which encode the ATP-binding pocket 
and interfere with drug interaction [ 30 ]. New 
mutations in exons 17 and 18 may also be seen, 
which involve the activating loop domain and 
lead to intrinsic activation. In some cases, multi-
ple resistance mutations can be seen within one 
tumor and between multiple tumor sites in one 
patient.  

    Peutz–Jeghers Syndrome 

 Peutz–Jeghers syndrome (PJS) is an autosomal 
dominant syndrome characterized by multiple 
hamartomatous polyps located throughout the 
gastrointestinal tract and mucocutaneous pig-
mentation. The hamartomatous polyps have a 
characteristic arborizing (“tree-like”) appearance 
with smooth muscle bands extending throughout 
the polyp, separating an elongated epithelial 
component. PJS polyps are most frequent in the 
small bowel and colon, but may be seen any-
where along the gastrointestinal tract. 

 PJS is caused by a germline mutation in a 
 serine threonine kinase (LKB1 gene, also known 
as STK1) located on chromosome 19p13.3. The 
LKB1 gene is large, measuring 22.6 kb in length 
and consisting of nine coding and one noncoding 
exons and functions as a tumor suppressor gene. 
Its precise actions are complex and not fully 
understood. The protein is ubiquitously expressed 
in adult and fetal tissues and has been implicated 
in regulating G1 cell cycle arrest through induction 

of the cyclin-dependent kinase, WAF1. LKB1 has 
also been shown to play a role in p53-mediated 
apoptosis, phosphorylation of B-catenin and 
regulation of the WNT pathway, and regulation 
of the mammalian target of rapamycin (mTOR) 
pathway through AMP- activated protein kinase 
(AMPK) [ 31 ]. A germline mutation in the LKB1 
gene can be identifi ed in approximately 80 % of 
patients meeting clinical diagnostic criteria 
implying that other genes may be involved. 
Mutations of LKB1 may include deletions, inser-
tions, inversions, or duplications. Most result in a 
premature stop codon leading to a truncated pro-
tein or amino acid changes affecting the catalytic 
kinase domain [ 32 ]. Germline mutations of the 
STK1 gene in PJS can be found by using a num-
ber of techniques, most commonly single-strand 
conformational electrophoresis, denaturing 
HPLC, or direct sequencing of the exons [ 56 ]. 

 The mechanism by which cancer arises in 
patients with PJS is poorly understood. There is 
controversy as to whether cancer arises directly 
from hamartomatous polyps through a hamartoma–
adenoma–carcinoma sequence, or rather that 
hamartomatous polyps are a marker of mucosal 
instability at increased risk of carcinogenesis. 
While the most common malignancy seen in 
patients with PJS is colorectal cancer (38–66 % 
lifetime risk) [ 33 ], cancers may occur at multiple 
sites, including sites outside the gastrointestinal 
tract. The second most common malignancy is 
breast, followed by small bowel, gastric, and pan-
creatic cancer. Gynecologic tumors include most 
notably the ovarian sex cord tumor with annular 
tubules (SCTAT) and cervical adenoma malignum. 
In males, large-cell calcifying Sertoli cell tumor 
of the testis may develop. Due to increased risk 
of cancer at multiple sites, surveillance recom-
mendations involving a multidisciplinary team 
have been suggested [ 33 ,  34 ].  

    Lynch Syndrome 

 One of the most common genetic forms of colon 
cancer is Lynch syndrome where colon cancer 
presents at an average age of 43, but may also be 
found in patients in their 60s [ 35 ]. Lynch syn-
drome is transmitted with an autosomal dominant 
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pattern and consists of an inherited susceptibility 
to colorectal cancer in addition to other malig-
nancies which may involve the endometrium, 
bladder, ureter, renal pelvis, ovary, stomach, 
small bowel, bile ducts, or pancreas. A variant of 
Lynch syndrome is Turcot syndrome, character-
ized by colon cancer and glioblastoma or medul-
loblastoma, but this association can also be 
observed in familial adenomatous polyposis 
(FAP) syndrome with mutations in APC [ 36 ]. 
Another variant of Lynch complex is Muir–Torre 
syndrome comprising sebaceous tumors or kera-
toacanthomas of the skin and colon cancer, or 
other Lynch syndrome-associated tumors [ 37 ,  38 ]. 
As in most colorectal carcinomas, malignancies 
arise from the transformation of polyps. However, 
in the case of Lynch syndrome, the progres-
sion from adenomatous polyps to colorectal 
cancer is much faster than in sporadic adenoma–
carcinoma cases. 

 The molecular defect accounting for Lynch 
syndrome occurs during DNA replication. 
Normally, a perfectly complementary copy of the 
DNA template is expected during DNA replica-
tion, based on nucleotide base pairing. However, 
even in normal proliferating cells, imperfect 
DNA copies are occasionally made, but they are 
promptly recognized by a set of proteins collec-
tively called DNA mismatch repair (MMR) pro-
teins. These proteins act as a complex which 
recognize the mismatched area of the recently 
replicated double-strand DNA, excise the mis-
matched area, and repair it by replacing the mis-
matched with the properly paired nucleotide. In 
Lynch syndrome, one of these MMR proteins is 
defective and, therefore, the area of mismatched 
double-stranded DNA is not repaired. Most 
defects in MMR proteins are due to mutation in 
their genes. Mutation in MMR genes accounts 
for 2–4 % of all colorectal cancers. 

 Although Lynch syndrome has a relatively 
low prevalence, distinguishing it from sporadic 
cases of colon cancer is clinically important 
for the patient and his or her family. IHC and/
or molecular methods are needed to make this 
distinction as there is a signifi cant overlap in 
clinical and histopathological features of Lynch 
syndrome- related and unrelated colon cancer. 

Clinical and histologic criteria are however used 
as a trigger for testing. The Revised Bethesda 
criteria (Table  12.2 ) outline individuals who 
should be tested for microsatellite instability 
based on personal and/or familial history of colon 
cancer or other Lynch syndrome-associated 
malignancies, and histologic features of high 
microsatellite instability (MSI-H) [ 39 ].

   Histopathological features of MSI-H colorec-
tal tumors include right-sided location, mucinous 
differentiation, conspicuous lymphocytic infi l-
trate and lymphoid follicles, pushing margins at 
the invasion front, and poor differentiation. The 
presence of intra-tumoral lymphocytes is charac-
teristic of MSI-H tumors and a large proportion of 
them are cytotoxic T-cells, hence CD8 positive. 
Besides being associated with Lynch syndrome 
colorectal tumors, some of these histopathologi-
cal features can also be observed in sporadic 
colonic tumors that are MSI-H positive or even 
microsatellite DNA stable. Nevertheless, when 
these clinical and/or histopathological features 
are present, a rational next step is to perform 
immunohistochemical tests exploring the expres-
sion of proteins involved in the repair of mis-
matched DNA strands, typically MSH2, MLH1, 
PMS2, and MSH6. In the cell nucleus, MLH1 
and PMS2 function as a dimeric molecular com-
plex. MSH2 and MSH6 also function as dimer. 
This means that the loss of one member of the 
dimer is often accompanied by the loss of its 

   Table 12.2    Revised Bethesda criteria for the diagnosis 
of Lynch syndrome   

 Tumors should be tested for microsatellite instability in 
one or more of the following situations: 
 •   Colorectal cancer  diagnosed in a patient who is  less 

than 50 years of age  
 •  Presence of synchronous, metachronous colorectal, or 

other HNPCC-associated tumors,  regardless of the 
patient  ’  s age  

 •  Colorectal cancer with the  histologic features  of 
microsatellite instability  diagnosed in a patient who 
is  less than 60  years of age 

 •  Colorectal cancer, or an HNPCC-associated tumor, 
diagnosed in one or more  fi rst-degree relatives , with 
one cancer diagnosed at  less than 50  years of age 

 •   Colorectal cancer or HNPCC -associated tumor 
diagnosed  at any age  in  two fi rst-degree or 
second- degree relatives  
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partner when tested by IHC. In the large majority 
of Lynch syndrome-associated tumors, but also in 
a subset of sporadic colonic tumors, there is a 
decreased expression of one or two of these pro-
teins. The decrease is due to mutations silencing 
gene expression of MSH2, MSH6, or PMS2, or to 
methylation of the MLH1 promoter. MSH2 
silencing can also be caused by methylation, 
which is associated with a deletion of EPCAM, a 
gene adjacent to MSH2 [ 40 ]. 

 The molecular testing of Lynch syndrome is 
based on examining if microsatellite DNA is 
replicated properly in the tumor cells, as com-
pared to normal cells. Microsatellite DNA is an 
abundant part of the genome and contains a 
large number of nucleotide repeats which can 
be mononucleotides, e.g., GGGGGGG…, or 
dinucleotides such as GAGAGAGAGAGAGAG. 
During cell proliferation, the DNA polymerase 
is sometimes unable to read the exact number of 
these nucleotide repeats and, consequently, the 
replicated DNA strand contains a slightly 
shorter or slightly longer segment of repeats. In 
this case, the resulting molecular defect is called 
MicroSatellite DNA Instable (MSI). The differ-
ence in the mistakenly duplicated DNA can be 
as short as one nucleotide base pair as compared 
to the normal DNA template, and can be recognized 
by a multiplex PCR method employing primers 
located on each side of discrete segments of 
microsatellite DNA where the nucleotide repeats 
are located. A large majority of MSI cases can 
be recognized by using the following fi ve 
molecular markers: BAT-25, BAT-26, MONO-
27, NR-21, and NR-24 to which two highly 
polymorphic pentanucleotide markers can be 
added: Penta C and Penta D. The BAT-25 and 
BAT-26 are the most sensitive MSI markers and 
can be used as a screening approach. The length 
of the amplifi ed DNA sequences can be visual-
ized by a variety of methods ranging from simple 
gel electrophoresis to capillary electrophoresis, 
in the latter case using fl uorescent reagents. It is 
essential to compare DNA extracted from a 
paraffi n block of tumor tissue, with DNA from 
normal tissue located at a distance from the 
tumor, most conveniently from a surgical colec-
tomy resection margin. When the paraffi n block 

of the tumor also contains adjacent normal 
colonic tissue, it is preferable to microdissect the 
tumor by scratching away the normal tissue from 
the unstained slides after localizing the tumor 
area on an adjacent H&E-stained section. This 
will facilitate greatly the analysis by minimiz-
ing the overlap in the sizing of DNA fragments 
contributed by normal cells. 

 When done by electrophoresis, reading of the 
MSI test is by visual assessment of the profi le of 
separated fragments according to their molecular 
size and peak height. A profi le is said to be MSI 
positive if there are new species of DNA frag-
ments in the tumor specimen, which are either 
lighter or heavier than in the normal DNA from 
the same patient (Fig.  12.3 ). When comparing the 
profi les of fi ve molecular markers, a tumor is 
reported as MSI-H if two or more markers dem-
onstrate MSI. When only 1 out of 5 markers 
shows MSI, the tumor is reported as MSI-low 
(MSI-L). When none of the markers show MSI, 
the tumor is reported as MicroSatellite Stable 
(MSS), which rules out Lynch syndrome. MSI-L 
and MSS are thought to belong to the same group 
from a clinicopathological viewpoint.

   Virtually all Lynch syndrome-related colorec-
tal tumors are MSI-H positive. Conversely, not 
all MSI-positive tumors are related to Lynch syn-
drome, as 15 % of all sporadic colon cancer cases 
also have this genotypic alteration in tumor cells 
[ 41 ]. Consequently, it would appear logical to 
perform germline testing in patients suspected to 
have Lynch syndrome, searching for mutations 
and promoter methylation of the MMR genes. 
However, when present, mutations may occur in 
different regions of the genes making this type of 
analysis technically complex. 

 Because of the complexity in doing germline 
mutational analysis of the MMR genes, it is more 
convenient to use an indirect approach helping to 
resolve the diffi culty in distinguishing Lynch 
syndrome from sporadic colorectal tumors. This 
is done by analyzing the pattern of immunohisto-
chemical expression of MMR proteins. A number 
of studies have reported that loss of immuno-
histochemical expression of MSH2 or MSH6, or 
both, is a strong indicator of a germline gene muta-
tion and, therefore, represents Lynch syndrome. 
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Loss of immunohistochemical expression of 
MLH1 is also found in Lynch syndrome and, in 
fact, loss of MLH1 or MSH2 accounts for 80 % 
of Lynch syndrome cases. However, immunohis-
tochemical expression of MLH1 can be lost for 
two reasons: mutation or methylation of its gene 
promoter. Loss of immunohistochemical expres-
sion of MLH1 due to promoter methylation is an 
indication that the colorectal tumor is sporadic, 
whereas mutation supports a diagnosis of Lynch 
syndrome. Methylation of the MLH1 promoter 
accounts for the majority of MSI-H colorectal 
cancer cases where there is no familial history 
of Lynch syndrome. Consequently, loss of immu-
nohistochemical expression of MLH1 in tumor 
cells alone is not suffi cient to diagnose Lynch 
syndrome. 

 Another indirect approach in the diagnosis of 
Lynch syndrome is to test the tumor for the 
presence of BRAF mutation. BRAF is a cell 
protein acting distal to, and regulated by, KRAS 
in the EGFR-driven signal transduction pathway. 
BRAF is mutated in approximately 13 % of all 
colorectal cancer cases and in 50 % of MSI high 
colorectal tumors and when this is observed, it is 
a strong indication that the tumor is not associ-
ated with Lynch syndrome. Testing for BRAF 
mutation is relatively easy to perform as its gene 

mutates in most cases at a predictable spot called 
BRAF V600E , this being at codon 600 where a 
valine (V) is replaced by glutamic acid (E) in the 
BRAF protein. PCR followed by single-strand 
conformation polymorphism electrophoresis is a 
convenient method to test for BRAF V600E  muta-
tion [ 42 ]. Overall, the distinction between 
sporadic and Lynch syndrome-associated colon 
cancers can be accomplished by following an 
algorithmic approach combining immunohisto-
chemical, MSI, and germline DNA testing [ 43 ]. 
There is an additional benefi t in testing colorectal 
tumors for MSI as tumors which have an MSI-H 
genotype are associated with a better prognosis, 
whether they are sporadic or from a patient with 
the Lynch syndrome [ 41 ]. However, they might 
not benefi t from 5-fl uorouracil chemotherapy.  

    Molecular Pathology Associated 
with Bi-allelic Mutations in DNA 
Mismatch Repair Genes 

 In rare circumstances, patients may inherit two 
homozygous or heterozygous mutations of the 
DNA MMR genes: MSH2, MLH1, MSH6, or 
PMS2. This bi-allelic mutation status results in 
an accelerated and more widespread phenotype 

  Fig. 12.3    Test for microsatellite instability in two cases 
of colon carcinoma. The microsatellite stable tumor 
shows the same pattern and the same molecular size of 
microsatellite repeats in the normal and tumor areas of the 

specimen, using the Bat-26 marker ( left two panels ). In 
the microsatellite instable case, fi ve additional bands with 
a smaller molecular weight are present in the tumor ( right 
two panels )       
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as compared to the usual autosomal dominant 
form of Lynch syndrome with a single allele 
mutation [ 44 ]. In patients with bi-allelic mutations 
of the MMR genes, colorectal cancer can appear 
as early as in the fi rst decade of life. Some of them 
also have café-au-lait skin lesions, neurofi bromas, 
malignant brain tumors, leukemias and lym-
phomas. 75 % of colorectal tumors are MSI-H 
although it was more inconsistent in non- colorectal 
neoplasms.  

    Familial Colorectal Cancer Type X 

 When a large number of families with the typical 
pattern of inheritance and clinical characteristics 
of Lynch syndrome were tested for molecular 
alterations, 44 % did not have evidence of DNA 
MMR defi ciency [ 45 ]. In this subset, there was a 
2.3× increased risk of colorectal cancer. Colon 
cancers occurred approximately 10 years earlier 
than in Lynch syndrome and were often present 
in the distal colon. Remarkably, there was no 
increased risk of developing endometrial or other 
non-colorectal tumors usually associated with 
Lynch syndrome. Considering that its genetic 
defect is not defi nitely identifi ed, this condition is 
called Familial Colorectal Cancer Type X.  

    The Molecular Pathology of Familial 
Adenomatous Polyposis and Its 
Variants 

 Familial adenomatous polyposis (FAP) is an 
autosomal dominant syndrome with a strong 
predisposition to colon cancer. In its classical 
form, it is easily recognized at endoscopy by the 
presence of hundreds of polyps located mostly in 
the colon of young subjects. Patients with germ-
line mutations of the APC gene also have an 
increased frequency of duodenal adenomas, 
duodenal and periampullary cancer, fundic gland 
polyposis, jejunal polyposis and cancer, pancreatic 
cancer, papillary carcinoma of the thyroid, hepa-
toblastoma, hypertrophy of retinal pigmented 
epithelium, and dental abnormalities. The natural 
history of FAP is characterized by a 100 % risk 

of transformation of some of the colorectal polyps 
into adenocarcinomas, unless a prophylactic 
colectomy is done, which is an essential part of 
current management. The polyps become apparent 
in the patient’s late childhood and the average age 
of malignant transformation is 39 years. Overall, 
colorectal cancer arising from FAP accounts for 
0.5–1 % of all colorectal cancers. Its early recog-
nition is important as it forms a basis for yearly 
surveillance and timely colectomy. Most cases 
have a family history of FAP but 25 % of cases 
are diagnosed as de novo mutation. The discov-
ery of the gene for FAP represents one of the 
hallmarks in the history of cancer genetics, and 
the demonstration, in a human carcinoma, of 
Knudson’s double-hit hypothesis of inherited 
cancer. It was derived from the cytogenetic 
investigation of a 42-year-old man with mental 
retardation, colon carcinoma, horseshoe kidney, 
the absence of left lobe of the liver, agenesis of the 
gallbladder, and a clinical variant of FAP, Gardner 
syndrome [ 46 ,  47 ]. The gene, called  APC  for 
 adenomatous polyposis coli , is located on 
chromosome 5q and is mutated in the germline 
DNA of patients with FAP. The second genetic hit 
occurs somatically and consists of loss or inacti-
vation of APC in the colonic epithelial cells. 
APC functions as a tumor suppressor gene in 
normal cells and its double inactivation in intes-
tinal cells of FAP patients is the essential cause 
of malignant transformation. 

 The main mechanism by which APC inactiva-
tion contributes to malignant transformation 
involves β-catenin. In normal cells, β-catenin is 
involved in cell proliferation and migration, regu-
lated by Wnt signaling. When Wnt signaling is 
activated, β-catenin migrates from the cytoplasm 
to the nucleus where it stimulates the transcrip-
tion of genes involved in cell proliferation and 
migration. The APC protein controls this migra-
tion by favoring the sequestration of β-catenin in 
the cytoplasm and its degradation in the proteos-
ome when Wnt signaling is inactive. Most APC 
mutations inactivate its sequestrating function, 
causing inhibition of β-catenin degradation, and 
increased ability to migrate to the nucleus, result-
ing in uncontrolled stimulation of cell prolifera-
tion and migration. 
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 APC is a large protein with 2,843 amino acids 
and more than 700 different mutations of the 
 APC  gene have been described, 98 % of them 
being frameshift or nonsense mutations resulting 
in truncation of the protein. Searching for these 
mutations in germline DNA is an essential part of 
FAP diagnosis. Of note, testing for somatic muta-
tions of  APC  in colorectal tumors is not a proof of 
FAP since  APC  is somatically mutated in 70 % of 
sporadic colon cancers. 

 The classical form of FAP is associated with 
discrete mutations spread over 50 % of the  APC  
gene length and, furthermore, there is signifi cant 
overlap in the location of gene mutations in clas-
sical FAP and FAP clinical variants. The muta-
tions found in classical FAP are widespread 
within the APC gene, being found in several 
regions encompassing 1,086 encoded amino 
acids. The large number of possible mutation 
spots complicates the methodology used to locate 
the  APC  genetic defect mutation when the site is 
not known from previous study of an affected 
family member, or when the mutation occurs de 
novo. In this case, the APC gene can be initially 
screened for the most common mutations, or ana-
lyzed using biochemical assays searching for 
APC protein truncation. However, the increasing 
availability of high-throughput methods now 
allows fast and effi cient sequencing of the entire 
 APC  gene. Once the mutation has been identifi ed 
in the fi rst patient of an FAP family, the germline 
DNA of other family members can be tested 
using methods targeting the mutated gene region 
of the proband. 

 In addition to its classical form, there are 
variants of FAP where intestinal polyposis is 
associated with extraintestinal lesions. Gardner’s 
syndrome is such a variant and its disease com-
plex includes desmoid tumors, osteomas, and 
epidermal cysts. Interestingly, in Gardner’s syn-
drome, most germline mutations are located 
within a 133-amino-acid-encoding region, which 
is much shorter than the 1,086 amino acid regions 
mutated in classical FAP. Another variant is 
Turcot’s syndrome, which combines colon can-
cer with medulloblastoma or glioblastoma. Of 
note, Turcot’s syndrome can also be part of Lynch 
syndrome, which is due to germline mutations 

in MMR genes, rather than mutations of APC. 
There is also a form of FAP, called attenuated 
FAP, where the number of colonic polyps is less 
than 100, as compared to the classical FAP form 
where the colonic mucosa is carpeted with hun-
dreds of polyps. There is signifi cant genotype–
phenotype association in the classical and 
attenuated forms of FAP as most of the  APC  
mutations which are associated with attenuated 
FAP are located in gene regions that are distinct 
from those of classical FAP, typically the 5′ 
gene region. Genotypic overlaps exist and it is 
remarkable that the same APC mutation can 
lead to two different FAP-related phenotypes; 
for instance, with or without Gardner’s syndrome 
features.  

    Molecular Pathology of the 
Hyperplastic Polyposis and 
Serrated Pathway Syndromes 

 The presence of more than 5 large hyperplastic 
polyps proximal to the sigmoid colon is one indi-
cation that the patient might be affected by 
Serrated Polyposis syndrome (formerly known as 
Hyperplastic Polyposis syndrome). Serrated pol-
yposis syndrome is typically identifi ed during the 
6th decade of life. Patients may have up to approx-
imately 100 hyperplastic or serrated (Fig.  12.4 ) 
polyps or sessile adenomas. The inheritance pat-
tern of the Serrated Polyposis syndrome has not 
been uniformly defi ned. A study was compatible 

  Fig. 12.4    Histology of sessile serrated adenoma       
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with an autosomal recessive mode of transmis-
sion [ 48 ]. Depending on the studies the risk of 
developing colon cancer ranges from 37 to 69 %. 
Some cases have personal and familial clinical 
features usually associated with Lynch syndrome. 
Up to 70 % colonic neoplasms in the Serrated 
Polyposis syndrome have a BRAF mutation. By 
comparison, BRAF mutation is extremely rare in 
Lynch syndrome, and is found in only 15 % of 
unselected colorectal carcinomas. Another molec-
ular trait of patients with the Serrated Polyposis 
syndrome is the presence of numerous sites of 
DNA methylation, including methylation of 
MLH1, in the polyps and in carcinomas.

       Juvenile Polyposis Syndrome 

 Juvenile polyposis syndrome (JPS) is defi ned by 
the presence of more than 5, but up to hundreds 
of, smooth surface polyps in the colorectum with 
a histology characterized by cystically dilated 
glands fi lled with mucus and infl ammatory cells, 
and an infl amed lamina propria, in the context of 
a family history with an autosomal mode of trans-
mission. In addition to the colorectum, polyps can 
also be found in the stomach, duodenum, jeju-
num, and ileum. Other clinical criteria helping to 
identify JPS cases are the presence of juvenile 
polyps in several segments of the gastrointestinal 
tract, or any number of juvenile polyps in patients 
with a family history of JPS [ 49 ]. 

 The generalized form of JPS can be diagnosed 
in infancy or in adults. The infantile form is 
accompanied by intussusception and macroceph-
aly and leads to early death. In up to 60 % of the 
JPS cases, the genetic defect consists of a germ-
line mutation in the SMAD4 or BMPR1A genes. 
The genetic alteration often consists of large 
deletions affecting SMAD4 or BMPR1A, or 
mutations in the BMPR1A promoter or in PTEN. 
A functional feature common to these two genes 
is their direct involvement in the TGFβ signal 
transduction pathway. Patients with SMAD4 
mutations have more severe clinical course as 
compared to patients with BMPR1A mutations. 
Up to 40 % of JPS patients have no known germline 
mutation. A subset of JPS patients with SMAD4 
mutations also has the arteriovenous malformations 

of hereditary hemorrhagic telangiectasia. Patients 
with JPS have an increased risk of developing 
cancer and in particular, 39 % of them have a 
lifetime risk of being affected with colorectal 
cancer [ 50 ,  51 ]. 

 The molecular diagnostic methods suited to 
investigate JPS and document alterations in the 
SMAD4, BMPR1A or PTEN genes are based on 
the MLPA assay, or full-length sequencing of the 
genes [ 50 ]. The result of the molecular tests help 
to document relationships between genotype and 
disease manifestations.  

    Sporadic Colorectal Cancer 

 Presently, more than 75 % of colorectal cancer 
cases are not known to be associated with an 
inherited susceptibility to develop cancer. 
However, research studies derived from inherited 
forms have shed light on the molecular mecha-
nisms of sporadic colon cancer. Most cases are 
diagnosed on the basis of histopathology alone; 
therefore, in most cases, molecular methods are 
not necessary for diagnosis. However, immuno-
histochemical and molecular methods are required 
in the following three circumstances: fi rstly, to 
confi rm cases as being truly sporadic; secondly, to 
explore molecular markers predictive of response 
to targeted therapies; and thirdly, to defi ne prog-
nostic features based on molecular markers. 

 As in most forms of cancer, the pathogenesis 
of neoplastic transformation in colorectal cancer 
is closely related to the emergence of genomic 
instability in mucosal epithelial cells. Three main 
mechanisms account for this genomic instability: 
structural instability of the chromosomes, defects 
in DNA repair, and abnormal DNA methylation. 
In the pathway driven by structural instability, 
chromosomes are altered by deletions or muta-
tions. Signifi cant for colon cancer, chromosome 
instability causes somatic loss of tumor suppres-
sor genes such as APC or p53. Somatic APC inac-
tivation is an early event in the adenoma–carcinoma 
transformation sequence and is found in 75 % 
of sporadic colorectal cancers. Defects in DNA 
repair result mostly from epigenetic alterations, 
such as inactivation of the MLH1 gene which 
occurs in up to 15 % of sporadic colorectal cancers. 
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The MLH1 gene alteration is, in fact, caused by 
the third pathway of colorectal pathogenesis, 
abnormal DNA methylation of CpG islands of 
DNA, whereby hypermethylation of the MLH1 
gene promoter and other genes leads to their func-
tional inactivation. Besides MLH1, three other 
genes of the MINT family, MINT1, MINT2, and 
MINT3, as well as p16, are also inactivated epige-
netically through methylation in up to 37 % of 
sporadic colorectal cancer cases. This group of 
tumors is classifi ed under the name CpG island 
methylator phenotype (CIMP). Because these 
colorectal cancer-associated genes are modifi ed 
by epigenetic changes rather than mutations or 
gene deletions, it is reasonable to hypothesize that 
mutagens, dietary habits, or chemopreventive 
drugs have the potential to impact them. 

 The function of the APC gene and the conse-
quences of its inactivation are discussed in the 
section dealing with FAP. In sporadic colorectal 
cancer, there is no germline mutation of APC but 
gene inactivation is observed somatically in 75 % 
of tumors and occurs early during the transition 
from adenoma to cancer. Another commonly 
found chromosomal loss in colorectal cancer 
occurs for p53, affecting 65 % of sporadic tumors. 
Considering that the main function of p53 is to 
arrest the cell cycle and induce apoptosis in cells 
which have undergone genetic injuries, its inacti-
vation creates favorable conditions for uncon-
trolled proliferation of abnormal cells. 

 The availability of high-throughput genetic 
analyses allows comparisons of the full genome 
of large cohorts of colorectal cancers. Such an 
approach has shown that the number of somatic 
mutations and other genetic alterations in spo-
radic colorectal cancer is quite large, with a 
median of 76 mutations per tumor [ 52 ]. The 
most common genetic alterations found in spo-
radic colorectal cancers are listed in Table  12.3 . 
There is no reason to assume that in a given 
tumor all mutations are obligate determinants of 
tumorigenesis and, instead, it is important to dis-
tinguish “driver” mutations from “passenger” 
mutations. Based on the frequency of mutations 
and knowledge of gene function, it appears that 
commonly observed mutations, such as p53, 
APC, KRAS, and PIK3CA, can be considered 
“drivers” of malignant transformation. However, 

this approach also identifi ed mutations in other 
genes, such as CSMD3, FBXW7, and NAV3, with 
a high cancer mutation prevalence score. Their 
assignment to an unambiguous “driver” or “pas-
senger” status needs to be established. Globally, 
it appears that malignant transformation of the 
colorectal epithelium is more the result of 
changes converging on cellular pathways caused 
by multiple gene mutations, rather than the dom-
inant role played by an individual mutation [ 52 ]. 
This means that the use of predictive and prog-
nostic molecular markers, and personalized ther-
apy, needs to consider sets of genetic changes 
altering cellular transduction pathways in 
tumors, rather than a single genetic change as 
discussed below with two members of the 
MAPK/ERK kinase pathway, KRAS and BRAF.

       Testing for KRAS in Targeted 
Therapy of Colorectal Cancer 

 The introduction of therapies targeting EGFR- 
driven signal transduction pathways in the treat-
ment of colon cancer led to asking which 
biomarker should be tested to predict a therapeutic 

   Table 12.3    Genetic alterations found in sporadic colon 
cancer at frequency of 5 % or higher   

 Gene 
 Frequency of 
alterations (%)  Type of alteration 

  APC   75  Mutation, deletion, 
allele loss 

  p53   65  Mutation, allele loss 
  KRAS   40  Mutation 
  PIK3CA   20  Mutation 
  FBXW7   20  Mutation 
  CDK8   13  Gene amplifi cation 
  SMAD4   13  Mutation, allele loss 
  PTEN   10  Mutation 
  ACVR2   10  Mutation 
  BRAF   8  Mutation 
  EGFR   8  Gene amplifi cation 
  CMYC   8  Gene amplifi cation 
  SMAD2   8  Mutation, allele loss 
  TGFβIIR   8  Mutation 
  CCNE1   5  Gene amplifi cation 
  SMAD3   5  Mutation 
  TCF7L2   5  Mutation 
  BAX   5  Mutation 

A. Grin and S. Jothy



203

response. Based on the knowledge gained in 
targeted therapy of breast cancer, and considering 
that HER2-neu is a member of the EGFR family 
of receptors, attempts were made to relate thera-
peutic responses in colorectal cancer to EGFR 
gene amplifi cation or expression. Because the 
anti-EGFR drugs such as cetuximab and panitu-
mumab are monoclonal antibodies to EGFR 
present on the surface of colorectal cancer cells, 
it was fi rst anticipated that EGFR protein expres-
sion would relate it to therapeutic response. 
However, no consistent association between 
EGFR expression and therapeutic response was 
observed [ 53 ]. 

 KRAS is an important intermediate in the 
MAPK/ERK signal transduction pathway driven 
by EGFR and Lievre et al. were able to demon-
strate that the presence of wild type KRAS, 
which is controlled by EGFR, is a factor predict-
ing a favorable therapeutic response [ 54 ]. This 
discovery led to the widely accepted use of 
searching for KRAS mutations before treating 
patients with anti-EGFR antibody infusions. 

 In normal cells, KRAS cycles from an inactive 
form, Ras-GDP, to an active molecule, Ras-GTP, 
under the control of EGFR stimulation. This tran-
sition is made possible by the activation of three 
cytoplasmic proteins binding to the cytoplasmic 
tail of EGFR: Shc, Grb2, and Sos, which, in turn, 
stimulate KRAS. When KRAS is mutated, it 
becomes constitutively activated and no upstream 
control by EGFR and intermediate molecules are 
required for its activation. Consequently, when 
mutated KRAS mutation is present in tumor 
cells, the blockage of EGFR by anti-EGFR anti-
bodies ceases to be therapeutically effective. 
Indeed, retrospective analysis of colorectal can-
cer tumors showed that no consistent response to 
anti-EGFR antibodies could be observed in 
patients who had a mutation of KRAS in the 
tumor cells. 

 The frequency of KRAS mutation in colorec-
tal cancer is 37 %, combining the results of 
several studies. Patients with mutated KRAS 
colorectal cancer are not offered anti-EGFR 
therapy. Conversely, in the remaining subset of 
tumors with wild type KRAS, up to 60 % of cases 
are predicted to respond to anti-EGFR antibody 

therapy and approximately 40 % are poor 
responders. The heterogeneity in the response 
rate of patients with wild type KRAS is due to 
other factors downstream of EGFR signaling, 
including BRAF, as discussed below. 

 Testing for KRAS mutation in colorectal can-
cer is performed for patients who have progressed 
to the stage of distant metastases after failing to 
respond to conventional chemotherapies. The test 
is generally performed on the surgical resection 
specimen, or a biopsy of the primary tumor. In less 
common circumstances, the KRAS test is per-
formed on a biopsy of a metastatic site. The rate of 
concordance in KRAS status is 95 % between 
primary and metastatic sites. 

 KRAS mutations associated with colon cancer 
are point mutations found in three codons: 12, 13, 
and 61. Most laboratories test only codons 12 and 
13 as they represent 98.5 % of KRAS mutations 
found in colorectal cancer. The test is generally 
performed on formalin-fi xed paraffi n-embedded 
tissue sections of tumor and several methods can 
be used, the most common being real-time PCR 
and pyrosequencing. The allele-specifi c real-time 
PCR method based on ARMS ®  and Scorpions ®  
technologies is particularly sensitive (Fig.  12.5 ). 
Quality assurance is commonly performed by 
PCR, followed by Sanger sequencing. For each 
test, circling of adjacent H&E-stained sections by 
a pathologist is required when a substantial 
amount of normal colorectal mucosa is present 
in the paraffi n block. To avoid confusion, the 
result of the KRAS mutation assay is being 
reported either as “mutated KRAS” or as “wild 
type KRAS,” rather than “positive” or “negative,” 
since having a “positive” (mutated KRAS) test has 
a negative impact on selecting patients eligible to 
receive the anti-EGFR antibody.

   In one study, 72 % of patients, who had wild 
type KRAS in their colorectal tumor, still did not 
respond to anti-EGFR therapy [ 55 ]. Searches 
were made for genetic changes affecting proteins 
involved in EGFR signaling. It was found that the 
gene encoding BRAF, the protein directly con-
trolled by and distal to KRAS in the signaling 
pathway, is mutated in 14 % of patients who have 
a wild type KRAS in their tumor [ 55 ]. None of the 
patients who have a BRAF mutation responded to 
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the anti-EGFR antibody treatment. Conversely, in 
this study 32 % of the patients who had a wild 
type genotype for both KRAS and BRAF had a 
positive therapeutic response, as compared to 28 
% of favorable responses for the whole group of 
wild type KRAS patients.  

    Colorectal Cancer Arising from 
Infl ammatory Bowel Disease: 
Molecular Markers 

 Both forms of infl ammatory bowel diseases 
(IBD), ulcerative colitis and Crohn’s disease, are 
associated with an increased risk of colorectal 
cancer. The overall risk of malignancy is 1 % per 
year, 10 years after the clinical onset of severe 
IBD. Although the relationship between IBD and 
colorectal cancer has been known epidemiologi-
cally for many years, it is only recently that the 
cellular and molecular mechanisms have started 
to be established. Overall, the presence in the 
infl amed intestinal mucosa of activated leuco-
cytes, stromal cells, and remodeled extracellular 
matrix exerts a pro-tumoral effect involving a 
number of extracellular cytokines and intracellu-
lar mediators, NF-κB being a central component 
of the latter group [ 56 ]. Of particular importance 
is the recent discovery that regulatory T-cells and 
CTLA-4, a protein present in T-lymphocytes, 
inhibit the immune response against tumor cells; 

both regulatory T-cells and CTLA-4 are increased 
in IBD lesions [ 57 ,  58 ], therefore allowing the 
non-elimination of epithelial cells undergoing 
malignant transformation in IBD intestinal 
lesions. 

 The molecular changes involved in malignant 
transformation of the colonic epithelium in IBD 
and non-IBD-related colorectal cancer are other-
wise similar. However, somatic mutations of 
 APC  occur late and p53 mutations occur early in 
IBD, as compared to sporadic cases. Microsatellite 
DNA instability is also present in IBD-related 
colorectal cancer, although less frequently than 
chromosomal instability. The most common cause 
of microsatellite instability in IBD-related colo-
rectal cancer is caused by methylation of the 
MLH1 promoter [ 59 ]. The promoter of p16INK4a 
is also hypermethylated in the dysplastic and 
cancerous mucosa of IBD patients. 

 Presently, the risk of progression from infl am-
matory changes to malignant transformation is 
assessed by histopathology of colorectal biopsies 
performed at surveillance time points, searching 
for high-grade dysplasia. However, current inves-
tigations aimed at documenting by molecular 
methods the risk of this transformation have led 
to the observation of signifi cant changes in the 
methylation of RUNX3, MINT1, and COX-2 
genes in the nonneoplastic mucosa of ulcerative 
colitis patients who have progressed, versus 
not progressed, to malignant transformation [ 59 ]. 

  Fig. 12.5    KRAS on colon carcinoma. DNA was 
extracted from the tumor area manually microdissected 
from the histology slides and analyzed using the allele-
specifi c real-time PCR method based on ARMS ®  and 

Scorpions ®  designs. Out of the seven real-time PCRs, 
only the primers locating the 12ASP mutation allowed 
amplifi cation of a detectable product       
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Whether these molecular changes in nonneoplastic 
mucosa precede synchronous colorectal cancer 
remains to be demonstrated.  

    MYH Polyposis and Inherited Colon 
Cancer Due to MYH Inactivation 

 Another genetic type of colorectal cancer was 
discovered when a family with multiple adeno-
mas and colon cancer, but with no germline 
mutation of APC, was reported [ 60 ]. Instead, a 
germline mutation was found in a gene located 
on the short arm of chromosome 1, called 
MUTYH glycosylase. More commonly, the gene 
is referred to as MYH. The normal function of 
the gene is to repair DNA damage occurring as a 
result of oxidation; in particular, oxidative dam-
age caused by an oxidized form of guanine which 
acts as a mutagen. The repair performed by MYH 
consists of removing adenine when it inappropri-
ately pairs with the oxidized form of guanine, or 
guanine itself. If not repaired by MYH, oxidized 
guanine is recognized as thymine during DNA 
replication and, therefore, aberrantly pairs with 
adenine. The function of the wild type MYH- 
encoded protein is to recognize this mispaired 
adenine and excise the mispair. When MYH is 
mutated, this repair function is lost and C:G to 
T:A transversion persists, and may involve sev-
eral important genes, such as KRAS, which is 
often mutated in this condition. Most mutations 
of MYH are located at Y165C and G382D, and 
are found in up to 2 % of the general population, 
although different mutation sites are found in dif-
ferent ethnic groups. Unlike FAP, which is trans-
mitted as an autosomal dominant syndrome, 
MYH polyposis has an autosomal recessive mode 
of transmission. 

 Clinically, patients are typically identifi ed 
by the age of 50 by the presence of polyposis. 
The clinical phenotype of MYH polyposis is 
quite variable and can range from fi nding fi ve 
polyps to the thousands of polyps typically 
observed in FAP. There is an association between 
MYH mutation and colorectal cancer risk 
[ 61 – 65 ]. In approximately 50 % of patients, car-
cinoma is already present at the time of diagnosis. 

Overall, the incidence of cancers associated with 
germline MYH bi-allelic mutations is low, at 0.7 % 
of all colorectal cancers. Patients with heterozy-
gous MYH mutations in their germline DNA have 
a 1.3-fold increased risk of developing colorectal 
cancer, compared to a 177-fold increase in 
subjects with bi-allelic mutations. Colorectal 
cancers associated with germline bi-allelic muta-
tions of MYH are more likely to be low grade 
as compared to sporadic carcinomas, or in can-
cers found in carriers of mono-allelic MYH 
mutations [ 66 ]. Hyperplastic and serrated pol-
yps are present in MYH-associated polyposis 
and, characteristically they contain G:C to T:A 
transversions in the KRAS gene [ 67 ]. Although 
the frequency of synchronous or metachronous 
polyps is higher in colorectal cancer patients 
with germline mutation of MYH as compared 
to sporadic cancers, up to 72 % of cases in the 
former group have no polyps. Overall, the path-
ological changes of colorectal cancers associ-
ated with MYH bi-allelic mutations do not have 
sharply defi ned features as compared to nonge-
netic forms of cancer. MYH- associated polyposis 
is associated with extra- colonic manifestations, 
with duodenal adenomas or carcinomas found 
in up to 17 % of patients [ 68 ]. Also, ovarian, 
bladder, and skin cancers are found at higher 
frequency, compared to sporadic colorectal 
cancer cases. 

 Due to the clinical and histologic overlap 
between MYH polyposis and classical FAP, 
attempts have been made to identify distinguish-
ing features. Although inconstant, it was found 
that the presence of multiple hyperplastic polyps 
in the context of adenomatous polyposis is an 
indication that the polyposis could be due to an 
MYH genetic alteration [ 69 ]. 

 Unlike HNPCC-related colorectal cancers 
where IHC is a useful screening test, immunos-
taining using anti-MYH antibodies does not help 
in associating colorectal cancers to germline 
mutations of MYH. Therefore, molecular meth-
ods, such as PCR followed by denaturing high 
pressure liquid chromatography (dHPLC), are 
required to test germline DNA [ 70 ]. 

 Recently, a set of criteria have been proposed 
to guide molecular testing for MYH polyposis [ 71 ]. 
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These criteria include the presence of ten or more 
polyps, the absence of APC mutations, the 
absence of MSI-H molecular changes, young 
age, and non-autosomal dominant inheritance 
pattern. However, it is accepted that the clinical 
and pathologic features of MYH-associated neo-
plasia can imitate many other genetic forms of 
colorectal polyposis and cancer. Family history 
can be misleading as some cases have a history 
resembling the Lynch syndrome, whereas other 
cases have no family history, and some cases rep-
resent new mutations. 

 Patients with documented polyps and bi- 
allelic mutations of MYH should be offered sur-
veillance colonoscopy and duodenoscopy every 
3–5 years. Their siblings should be tested in their 
early 20s and offered genetic counseling.  

    Summary 

 Molecular alterations are the root of a variety of 
gastrointestinal malignancies. Herein, the molec-
ular basis of upper and lower gastrointestinal 
tumors is presented, along with pertinent clinical 
and pathologic features. Adenocarcinomas of the 
upper and lower gastrointestinal tract may pres-
ent as part of a variety of inherited syndromes. 
HDGC, FAP, Lynch syndrome, and MYH pol-
yposis are discussed. Polyposis syndromes, such 
as juvenile polyposis and PJS, also put patients at 
increased risk of malignancy. Mesenchymal 
tumors, particularly GISTs, have well- established 
and emerging molecular abnormalities. Treatment 
of GIST targets the underlying molecular abnor-
mality. Molecular targeted therapy is also being 
used in the treatment of HER2-positive GEJ and 
gastric adenocarcinoma. HER2 testing methods 
in gastric and GEJ tumors are discussed. DNA 
microsatellite instability is a typical feature of 
Lynch syndrome, and also a prognostic factor in 
a subset of sporadic colorectal cancer. In the case 
of sporadic tumors, investigations of discrete 
molecular alterations are required for the use of 
some targeted therapies, such as anti-EGFR anti-
body in the treatment of colorectal cancer harbor-
ing a wild type KRAS genotype.     
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           Introduction 

 Lung cancer remains the leading cause of cancer 
deaths worldwide, claiming more than one mil-
lion lives annually [ 1 ]. In North America, lung 
cancer was responsible for more deaths in 2012 
than breast, colon, and prostate cancers com-
bined [ 2 ]. While there have been advances in the 
management of many other types of cancer 
resulting in signifi cantly improved survival rates 
over the past 40 years, the mortality associated 
with lung cancer remains stubbornly high, due in 
large part to the advanced stage at which patients 
typically present and to the limited effectiveness 
of current therapeutic options. The response rate 
for standard platinum-based chemotherapy in 
patients with advanced disease is 30–40 %, and 
the development of resistance to chemotherapy 
limits the median survival to 8–10 months in 
these patients. Even in early-stage patients who 
are treated primarily by surgical resection with 
curative intent, the rate of recurrence is estimated 
to be as high as 30–60 % [ 3 ]. 

 The past decade, however, has seen a dramatic 
revolution in the treatment of lung cancer, result-
ing in large part from the discovery of specifi c 
molecular alterations that render tumors with 
these alterations amenable to targeted therapies 
(Fig.  13.1 , Table  13.1 ). In particular, the discovery 
of activating epidermal growth factor receptor 
(EGFR) gene mutations in the tyrosine kinase 
domain and rearrangements of the anaplastic 
lymphoma kinase-1 (ALK) gene that render these 
tumors sensitive to their respective small- 
molecule kinase inhibitors have rapidly been 
translated from bench to bedside with dramatic 
effects [ 4 – 6 ]. As a result, an increasing array of 
molecular tests is now being implemented as part 
of routine diagnostic algorithms for personaliz-
ing the treatment of lung cancers. Here, we 
review the molecular alterations that are com-
monly present in lung cancers and discuss tests 
for these alterations currently in clinical use, with 
an emphasis on EGFR mutations and ALK 
rearrangements.

        Molecular Alterations in Lung 
Cancer Subtypes 

 Historically, primary lung cancers have been cat-
egorized broadly into two major clinically rele-
vant subtypes: small cell lung cancer (SCLC) and 
non-small cell lung cancer (NSCLC). While divi-
sion along these two lines has traditionally been 
acceptable for deciding treatment options, more 
precise subclassifi cation of the NSCLC into its 
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major histologic subtypes—adenocarcinoma, 
squamous cell carcinoma, and large cell carci-
noma—has assumed growing clinical importance 
in recent years. This has been in part due to the 
fi ndings of increased incidence of potentially life-

threatening hemorrhage in squamous cell carci-
nomas treated with bevacizumab [ 7 ] and effi cacy 
of pemetrexed in the treatment of non- squamous 
NSCLC [ 8 ]. At the same time, however, it has been 
increasingly recognized that the  different histo-
logic subtypes of NSCLC are associated with spe-
cifi c molecular alterations that are, by and large, 
relatively unique to each subset. Therefore, the 
need for more precise delineation of NSCLC sub-
types by the pathologist is being increasingly 
driven by the need to triage samples for appropri-
ate molecular testing (Fig.  13.1 ). This recognition 
in part provided the impetus for the recent 
 recommendation for the revision of lung adeno-
carcinoma classifi cation by the International 
Association for the Study of Lung Cancer 
(IASLC), the American Thoracic Society (ATS), 
and the European Respiratory Society (ERS) [ 9 ], 
as well as for the recent guidelines on molecular 

  Fig. 13.1    Approximate distribution of lung cancer 
according to histology and putative “driver” genetic 
 aberrations. Note that epidermal growth factor receptor 

(EGFR) gene aberrations in adenocarcinoma are mainly 
represented by kinase domain mutations and in squamous 
cell carcinoma by gene amplifi cation       

   Table 13.1    Currently available targeted therapies and 
patient selection markers in advanced non-small cell lung 
carcinoma   

 Agent 
 Molecular marker 
selection 

 Histology 
selection 

 Bevacizumab  None  Non-squamous 
NSCLC  Pemetrexed 

 Gefi tinib/  EGFR kinase 
domain mutation 
(fi rst line) 

 NSCLC with 
adenocarcinoma 
component 

 Erlotinib/
Afatinib 
 Crizotinib  ALK/ROS gene 

rearrangement 

   NSCLC  non-small cell lung carcinoma,  EGFR  epidermal 
growth factor receptor  
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testing in lung cancer by the College of American 
Pathologists (CAP), IASLC, and the Association 
for Molecular Pathology (AMP) [ 10 ]. In this 
chapter, we provide an overview of molecular 
alterations associated with the major subtypes of 
lung cancer and review the current state of testing 
for such alterations.  

    Molecular Pathology of Pulmonary 
Adenocarcinoma 

    EGFR 

 EGFR was fi rst discovered several decades ago 
[ 11 ,  12 ], and its overexpression has been reported 
in many human cancers including lung, breast, 
head and neck, colorectal, pancreatic, and blad-
der cancers [ 13 ]. The EGFR gene is located on 
the short arm of chromosome 7 (7p11.2). The 
EGFR or human epidermal growth factor recep-
tor 1 (HER1/erbB1) is a transmembrane tyrosine 
kinase (TK) receptor. When EGFR is bound by 
its ligands to the extracellular domain, it forms 
homodimers or heterodimers with other members 
of the EGFR family (HER 1–4). Activation of the 
intracellular TK results in phosphorylation of 
various intracellular proteins, especially the 

RAS-RAF1-MAP2K1/MAPK1 and PI3K/AKT/
mTOR signaling pathways [ 14 ]. Activation of 
these pathways promotes cellular proliferation, 
angiogenesis, mobility, and metastasis and 
decreases apoptosis. The constitutive activation 
of EGFR TK results in increased autophosphory-
lation and may promote carcinogenesis. Most 
EGFR mutations in the kinase domain alter the 
adenosine triphosphate (ATP) binding cleft 
which is the site where most TK inhibitors (TKIs) 
compete for binding [ 15 ]. 

    EGFR Mutations 
 The majority of mutations involve exons 18–21 
[ 16 – 19 ] and are grouped into three major 
 categories: in-frame deletions of exon 19, inser-
tion mutations in exon 20, and missense muta-
tions in exons 18–21. The vast majority of 
mutations, approximately 85–90 %, involve exon 
19 deletions (of which there are over 20) and the 
exon 21 L858R substitution (Fig.  13.2 ). About 5 
% of mutations are due to substitutions in exon 18 
(E709 and G719), and there are additional substi-
tutions in exon 21 (L861) accounting for about 3 
% of mutations [ 20 ]. Mutations in exon 20 are 
frequently associated with either primary (P772 
to V774) or acquired resistance (T790M) to 
EGFR TKIs and will be further discussed below.

  Fig. 13.2    Most common types of EGFR mutations found in lung adenocarcinoma (adapted from Santos et al. [ 3 ])       
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   EGFR mutations tend to have greater association 
with certain patient characteristics, including 
East Asian ethnicity, females, and never smokers. 
The frequency of EGFR mutations in East Asians 
is approximately 32 %, and in the NSCLC of East 
Asian never smokers, it can approach to as high 
as 50 % [ 21 ]. By far, the vast majority of EGFR 
mutations are associated with adenocarcinoma 
histology, in particular well-differentiated adeno-
carcinomas with lepidic, papillary, or acinar 
growth patterns [ 4 ,  5 ,  22 ,  23 ].  

    EGFR Inhibitors 
 There are currently two major classes of EGFR 
inhibitors: anti-EGFR monoclonal antibodies 
and small-molecule TKIs [ 2 ]. Anti-EGFR anti-
bodies which include cetuximab and panitu-
mumab are monoclonal antibodies directed at the 
extracellular ligand binding domain. These act as 
competitive antagonists and can promote inter-
nalization and breakdown of the EGFR receptor 
[ 24 ]. These types of agents reportedly inhibit 
ligand-dependant activation of EGFR receptors 
without preventing autophosphorylation that can 
result from TK mutations [ 20 ]. Small-molecule 
TKIs such as gefi tinib or erlotinib reversibly bind 
the ATP-binding site of the TK domain and pre-
vent downstream signaling [ 15 ].  

    EGFR Mutations as a Predictive Marker 
 The most important factor in predicting response 
to anti-EGFR therapies is whether an activating 
mutation is present in the TK. Earlier work 
focused on EGFR protein overexpression and 
increased EGFR gene copy number, but these 
have been found to be less relevant [ 25 ,  26 ]. 
Mutations in the EGFR receptor TK were ini-
tially reported in three landmark studies in 2004 
[ 4 ,  5 ,  27 ] and were the fi rst to discover that muta-
tions in the TK domain correlated with sensitivity 
to the EGFR TKIs gefi tinib or erlotinib. Prior to 
that, it was known that some patients with meta-
static non-small cell carcinoma responded to TKIs 
but the mechanism was unknown [ 25 ]. In 2009, 
the phase 3 IRESSA Pan-Asia Study (IPASS) [ 28 ] 
trial demonstrated that patients with EGFR muta-
tions had signifi cantly greater response rate and 
longer progression-free  survival with gefi tinib 

treatment compared to  conventional chemotherapy. 
Most importantly, patients with EGFR mutation-
negative tumors had a better response rate and 
progression-free survival with standard chemo-
therapy over the TKI. Similar fi ndings have been 
found in the WJTOG3405 [ 29 ] and NEJ002 [ 30 ] 
trials with gefi tinib and the OPTIMAL [ 31 ] and 
EURTAC [ 32 ] trials with erlotinib.  

   EGFR Resistance 
 Many patients with specifi c activating mutations 
in EGFR show very promising initial responses 
to targeted treatments. Unfortunately, most will 
eventually relapse in 10–14 months [ 28 ,  31 ] as 
they develop resistance to the drug. The clinical 
defi nition of acquired resistance is as follows: a 
lung cancer patient on a single-agent TKI, who 
has either a TKI-sensitive EGFR mutation or 
observed clinical benefi t from treatment while on 
a TKI, who undergoes disease progression while 
on continuous treatment with a TKI within the 
last 30 days, and who has no intervening sys-
temic treatment between stopping a TKI and 
starting the new therapy [ 33 ]. The most estab-
lished mechanisms of secondary resistance are 
due to additional mutation in the EGFR gene 
arising during treatment and amplifi cation of 
other oncogenic intracellular signaling pathways 
[ 20 ]. Occasionally, resistance in NSCLC can be 
attributed to histologic transformation into small 
cell carcinoma or through epithelial to mesen-
chymal transformation [ 34 ]. 

 Repeat biopsies of tumors from patients that 
initially responded to TKI treatment but subse-
quently relapsed led to the discovery of many 
secondary mutations [ 35 ]. The most common 
mechanism of secondary resistance involves the 
T790M substitution mutation on exon 20 of the 
EGFR gene [ 35 ,  36 ]. This substitution is present 
in about 50 % of cases of acquired resistance to 
EGFR TKIs [ 37 – 40 ]. This mutation results in 
increased affi nity of the EGFR receptor TK for 
ATP making it more diffi cult for fi rst-generation 
TKIs to inhibit the kinase activity [ 41 ]. The 
T790M mutation is uncommonly (<5 %) identi-
fi ed in TKI treatment-naïve tumors [ 28 ,  42 ], sug-
gesting that it is present as a minor subclone in 
pretreatment tumors and becomes enriched during 
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TKI treatment that causes massive apoptosis of 
tumor cells without this resistant mutation. 

 Another mechanism of resistance to TKIs 
results from amplifi cation of other signaling 
pathways that promote oncogenesis. One of the 
most common is due to activation of the MET 
pathway which is believed to arise through a 
“kinase switch” mechanism [ 43 ]. This occurs 
when, for example, a cancer dependent on an 
EGFR-mediated kinase signaling pathway over-
comes TKI-mediated inhibition by switching 
dependency to another tyrosine kinase-mediated 
signaling pathway [ 44 ]. The MET gene encodes 
the hepatocyte growth factor (HGF) receptor 
which is also a transmembrane TK receptor. The 
MET receptor couples with other ErbB receptors 
and activates PI3K-AKT signaling [ 45 ], promot-
ing cell proliferation and inhibiting apoptosis. 
Amplifi cation of this gene or its ligand, HGF, is 
associated with approximately 20 % of second-
ary resistance to EGFR TKIs [ 45 – 47 ]. Patients 
with surgically resected NSCLC with MET 
amplifi cations have a poorer prognosis [ 48 ].  

   Testing for EGFR Mutations 
   Pre-analytic Considerations 
 The CAP/IASLC/AMP molecular testing guide-
lines for lung cancer recommend that EGFR 
 testing be initiated at the time of diagnosis for 
patients with advanced (stage IV) disease or at 
time of recurrence or progression for earlier- 
stage patients who would benefi t from EGFR 
TKI therapy. As staging information may not 
always be available to the pathologist, close col-
laboration with the treating physician or oncolo-
gist is needed to facilitate timely testing. Refl ex 
testing of early-stage tumors at time of resection 
may be advantageous in terms of eliminating 
time for testing if the patient later develops meta-
static recurrence and is encouraged by the CAP/
IASLC/AMP guidelines, but the decision whether 
to do so is left to individual laboratories, in col-
laboration with their oncology teams [ 10 ]. 

 EGFR testing may be performed on a wide 
range of specimen types including both cytology 
and surgical pathology specimens and including 
fresh, frozen, formalin-fi xed, paraffi n-embedded, 
and alcohol-fi xed material. However, samples 
treated with acid decalcifi cation or fi xed with 

heavy metal ion-containing fi xatives may be 
 suboptimal for testing due to degradation of DNA 
and/or inhibition of the PCR reaction [ 49 ,  50 ]. 
Formalin fi xation also results in degradation and 
cross-linking of DNA, as well as nucleotide alter-
ations. Hence, while specimens fi xed in formalin 
for standard durations are in general suitable for 
EGFR mutation and other DNA-based molecular 
tests, prolonged fi xation times may diminish suit-
ability for such tests. 

 Beyond these considerations, probably the 
single most important determinant of success or 
failure of EGFR testing is the tumor content in 
the specimen being tested, in terms of both the 
absolute number of tumor cells present and the 
proportion of tumor cells present relative to total 
cellularity in the sample. Thus, as a general prin-
ciple, during the diagnostic process, as much tis-
sue as possible should be conserved for 
molecular testing, with only a minimal immuno-
histochemical panel (e.g., TTF-1, P63 or P40, ± 
mucin) performed if necessary to differentiate 
between squamous and adeno differentiation in 
small biopsy specimens [ 9 ,  51 ]. Specimens 
available for testing should be reviewed by a 
pathologist familiar with the molecular testing 
protocols being used, to assess for adequacy 
based on the performance characteristics of the 
particular test being used (see below). Areas of 
higher tumor cellularity should be marked in 
histologic sections by the reviewing pathologist, 
for tumor enrichment by micro- or macrodissec-
tion. When multiple specimens are available, the 
pathologist should select the one most likely to 
yield interpretable results (usually the one with 
the greatest tumor cellularity, without decalcifi -
cation or heavy metal fi xatives). Either primary 
tumor or metastatic tumor samples may be 
tested, given the high rate of concordance of 
mutations between primary and metastatic 
lesions in NSCLC [ 52 ].  

   Molecular Testing for EGFR Mutations 
 Many different platforms for EGFR mutation 
testing exist, none of which are specifi cally 
endorsed by the CAP/IASLC/AMP guidelines, 
which state that “Laboratories may use any vali-
dated EGFR testing method with suffi cient 
 performance  characteristics” [ 10 ]. Historically, 
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EGFR testing relied on Sanger sequencing, 
 typically of the exon 18–21 region that harbors 
the vast majority of EGFR mutations known to 
occur in lung cancer. While Sanger sequencing 
has the advantage of being able, at least theoreti-
cally, to detect all mutations present in the 
sequenced region, it has the disadvantage of rela-
tively low analytic sensitivity, requiring up to 
50 % tumor cellularity in a sample for reliable 
detection of EGFR mutations that are not simul-
taneously amplifi ed. This degree of tumor cellu-
larity may be diffi cult to achieve in many tumor 
samples, in which there is frequently admixture 
with nonneoplastic cells that may exceed tumor 
cells in number. A host of other molecular strate-
gies for EGFR mutation testing have since arisen 
that detect specifi c mutations by a range of strat-
egies, including among others, size fractionation, 
restriction fragment length polymorphism 
(RFLP) analysis, allele-specifi c PCR, and mass 
spectrometry-based genotyping [ 3 ,  53 ]. While 
these approaches are limited to detection of spe-
cifi c, previously known mutations and therefore 
typically do not identify new mutations, they also 
generally have higher analytic sensitivity than 
Sanger sequencing, with some methods requir-
ing 10 % or less tumor cellularity for reliable 
mutation detection, at a lower cost per mutation 
tested. Some of these methods (e.g., mass 
spectrometry- based approaches such as the 
Sequenom MassArray technology [ 54 ]) are also 
amenable to a high degree of multiplexing, per-
mitting even rare mutations to be assayed while 
containing costs. Next-generation sequencing 
(NGS) platforms have also started fi nding their 
way into clinical applications in more recent 
years. While the costs associated with NGS tech-
nologies are as yet prohibitive for widespread 
routine clinical use, these powerful platforms 
allow for detection of both known and previously 
unknown genomic alterations in large numbers 
of genes  simultaneously [ 55 ]. 

 Whereas many laboratories have been limiting 
EGFR mutation testing to the most common acti-
vating mutations conferring sensitivity to EGFR 
TKIs (exon 19 deletions and exon 21 L858R 
mutation), there is growing consensus that muta-
tions comprising >1 % of known EGFR muta-

tions, including both activating mutations and 
those conferring resistance to TKIs, should also 
be routinely tested [ 10 ].  

   EGFR Copy Number Assessment 
 Increased copy numbers of the EGFR gene, 
whether by amplifi cation or polysomy, has been 
associated with response to EGFR TKIs in vari-
ous studies [ 56 – 58 ]. However, this effect is 
thought to be driven primarily by the coexistence 
of EGFR mutant alleles (which are frequently 
amplifi ed), rather than by the effects of increased 
copy number itself [ 26 ,  59 ,  60 ]. Thus, EGFR 
copy number analysis, whether by FISH or by 
chromogenic in situ hybridization (CISH), is not 
recommended as a predictor of tumor response to 
TKI therapy [ 10 ].  

   EGFR Immunohistochemistry 
 Immunohistochemical staining for total EGFR 
may be associated to an extent with copy number 
increases, but correlates poorly with the presence 
of EGFR mutations [ 59 – 61 ] and is therefore not 
recommended for selection of patients for TKI 
therapy [ 10 ]. However, high expression of EGFR 
by immunohistochemistry may have a role in 
selecting patients for treatment with the mono-
clonal anti-EGFR antibody cetuximab [ 62 ]. 

 Mutation-specifi c anti-EGFR antibodies tar-
geting both exon 19 deletions and the exon 21 
L858R mutation have also been developed and 
tested. These typically demonstrate excellent 
specifi city for detecting the mutations by IHC, 
but their sensitivity in multiple studies has been 
too low to permit their use as a stand-alone test 
for selection of TKI therapy [ 63 – 68 ]. 
Nevertheless, with proper validation, their use as 
a screen for positive cases, limiting further 
molecular testing for IHC-negative cases, may be 
warranted, particularly in populations with higher 
frequencies of EGFR mutations.     

    ALK 

    ALK Gene Fusions in NSCLC 
 The anaplastic lymphoma kinase (ALK) gene 
was originally identifi ed as part of a translocation 
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in anaplastic large cell lymphoma. In 2007, Soda 
et al. described a small inversion in the short arm 
of chromosome 2 resulting in a fusion between 
the echinoderm microtubule-like (EML)-4 gene 
and the ALK gene, in 5 of 75 (6.7 %) NSCLC 
cases [ 6 ]. Multiple variant fusion products differ-
ing in translocation sites in the EML4 and ALK 
genes have been identifi ed, as have translocations 
involving other chromosomes and fusion partners 
with the ALK gene, namely, KIF5B and TFG [ 6 , 
 69 – 72 ]. The NPM-ALK translocation present in 
anaplastic large cell lymphoma has not been 
reported in lung cancers. Subsequent studies 
have confi rmed the presence of EML4-ALK 
translocations in a relatively small subset of pul-
monary adenocarcinomas (3–13 %) [ 73 – 77 ] or 
approximately 5 % of NSCLC in a recent large 
clinical series [ 69 ]. The EML4-ALK fusion is 
present more frequently in lung adenocarcinomas 
from younger patients with either never- or light- 
smoking history [ 69 ,  75 – 79 ]. Some studies have 
reported associations with solid, mucinous cribri-
form, and/or signet ring histology [ 75 ,  78 ,  80 ]. 
The translocation is infrequent in pure squamous 
cell carcinoma, but has been reported in adeno-
squamous carcinoma [ 81 ]. 

 The EML4-ALK fusion results in constitutive 
activation of ALK tyrosine kinase activity that is 
amenable to inhibition by the ALK  tyrosine 
kinase inhibitor (TKI), crizotinib. Early studies 
of crizotinib in patients with ALK-rearranged 
NSCLC demonstrate striking  antitumor activity, 
with ≥60 % of patients  demonstrating at least 
partial response and median progression-free sur-
vival of approximately 10 months [ 69 ,  82 ]. 
Overall survival is also improved in crizotinib- 
treated patients compared with crizotinib-naive 
controls (70 % vs. 44 %, respectively, at 1 year 
and 55 % vs. 12 %, respectively, at 2 years) [ 83 ]. 
More recently, crizotinib was demonstrated in a 
phase 3 clinical trial to be superior to standard 
chemotherapy in previously treated, advanced 
stage ALK-rearranged NSCLC, with the 
crizotinib- treated group showing both higher 
overall response rate than the standard chemo-
therapy group (65 % vs. 20 %, respectively) and 
longer progression-free survival (7.7 vs. 3.0 

months, respectively) [ 84 ]. However, as also 
occurs in treatments with EGFR TKIs, several 
ALK gene mutations resulting in acquired resis-
tance to crizotinib have been described [ 85 ,  86 ].  

    Testing for ALK Gene Rearrangement 
   FISH 
 A number of methods for detecting ALK rear-
rangements have been developed, including 
FISH, RT-PCR, and immunohistochemistry. Of 
these, FISH has been the gold standard and, in 
the USA, is the basis of the companion diagnos-
tic approved by the FDA for selection of patients 
who would benefi t from treatment with crizo-
tinib. This commercially available FISH assay 
(Abbott Molecular probes) utilizes a “break- 
apart” strategy in which the ALK gene is labeled 
with a green fl uorescent probe hybridizing to the 
5′ end of the gene and a red probe hybridizing to 
the 3′ end of the gene, resulting in a yellow fusion 
signal in the setting of a normal (non-rearranged) 
ALK gene. In the presence of translocations 
involving the ALK gene, there is loss of either 
green signals or distinct red and green signals 
(separated by >2 signal diameters) (Fig.  13.3a ). 
Extra ALK signals may also often be seen, result-
ing from polysomies or alterations in tumor 
ploidy, the signifi cance of which is presently 
uncertain.

   As is the case with any FISH-based test, 
proper interpretation by a skilled interpreter is of 
paramount importance to avoid false positives 
and negatives, and thresholds for assessing test 
results as either positive or negative need to be 
established by each lab, using appropriate con-
trols [ 10 ].  

   RT-PCR 
 Reverse-transcriptase PCR for detection of ALK 
fusion transcripts, while theoretically possible, 
has been recommended against in the CAP/
IASLC/AMP guidelines, given the growing num-
ber of variant translocations that may result in an 
EML4-ALK fusion transcript, each requiring a 
different pair of PCR primers, and given con-
cerns about the generally suboptimal perfor-
mance of RT-PCR in FFPE tissue [ 10 ].  
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   Immunohistochemistry 
 Given the cost and complexity of FISH analysis, 
there has been signifi cant interest in the use of 
immunohistochemical staining for ALK overex-
pression as an alternative to FISH testing. In this 
regard, the anti-ALK1 mouse monoclonal  antibody 
(anti-human CD246 clone ALK1, Dako) may 
demonstrate positive staining in some cases, but 
may fail to identify a signifi cant proportion of 
ALK-rearranged lung cancers especially when a 
signal amplifi cation step is not applied [ 78 ,  79 ,  87 , 
 88 ]. However, another mouse monoclonal anti-
ALK antibody (5A4, Novocastra) and two rabbit 
monoclonal antibodies (D5F3 and D9E4 from Cell 
Signaling Technology) have demonstrated high 
sensitivity and specifi city compared to FISH for 
the detection of ALK-rearranged tumors [ 87 ,  89 ] 
(Fig.  13.3b ). In our opinion, with proper validation 
and appropriate positive and negative controls, 
non-reactivity for ALK using the 5A4 antibody 
eliminates the need for FISH testing for ALK rear-
rangements, signifi cantly reducing the number of 
FISH tests and limiting FISH testing to cases with 
equivocal IHC staining and to confi rmation ALK 
gene rearrangements in IHC-positive cases.    

    KRAS 

 Kirsten rat sarcoma (KRAS) viral oncogene 
homologue is one of the RAS oncogenes 
(in addition to HRAS and NRAS) and accounts 

for most of the RAS mutations in cancer. RAS 
functions in intracellular signal transduction 
downstream of transmembrane receptor TKs 
such as EGFR. RAS is activated by binding gua-
nosine triphosphate (GTP) which enables signal-
ing via several pathways most notably the Raf/
Mek/Erk pathway [ 25 ]. Activation of this path-
way promotes mitosis and cell survival. Normally 
functioning KRAS has intrinsic GTPase activity 
to catalyze GTP breakdown and stop downstream 
signaling. Mutations in KRAS result in continu-
ous binding of GTP causing constitutive activa-
tion of the receptor and its downstream pathways, 
thereby promoting oncogenesis [ 90 ]. 

 In 1984, an activating mutation in KRAS was 
fi rst identifi ed in a human lung cancer [ 91 ]. Since 
then it has been determined that most KRAS 
mutations occur in codon 12 or 13 of exon 2 [ 92 ] 
and are found in approximately 25–35 % of pul-
monary adenocarcinomas [ 93 ]. KRAS mutations 
are more commonly associated with mucinous 
morphology including mucinous areas within 
mixed adenocarcinomas and mucinous bronchio-
loalveolar carcinoma [ 93 ]. Unlike EGFR, KRAS 
mutations are more likely to be seen in tumors 
from smokers. They are also associated with a 
more aggressive clinical course and decreased 
patient survival [ 94 – 96 ]. 

 There is currently no effective therapy target-
ing KRAS. A great majority of KRAS mutant 
lung cancers do not respond to EGFR, ALK, and 
ROS1 (discussed below) targeted therapies, but 

  Fig. 13.3    ALK gene aberration in lung cancer. ( a ) ALK gene rearrangement detected by fl uorescence in situ hybridization 
using the ALK break-apart probe. ( b ) ALK protein overexpression detected by immunohistochemistry       

 

J.J. Tanguay et al.



219

the presence of KRAS mutations should not be 
used to exclude patients from receiving EGFR 
TKI therapy, as differential survival benefi t 
between KRAS wild-type and mutant patients 
treated by TKI has not been demonstrated [ 3 ,  97 ]. 
It is worth noting that these driver oncogenic 
mutations tend to occur mutually exclusive of 
each other, supporting further the need of muta-
tion profi ling for personalizing targeted 
therapies.  

    ROS1 

 The ROS1 gene is located on chromosome 6 and 
encodes a receptor tyrosine kinase [ 98 ]. Although 
an extracellular ligand has yet to be identifi ed, it is 
known that ROS1 is involved in various signaling 
pathways including the MAPK pathway through 
phosphorylation of RAS [ 99 ]. Dysregulated 
ROS1 activity results in continuous downstream 
signaling of pathways promoting cell survival. 

 ROS1 rearrangements were first discovered 
in NSCLC in 2007 [ 71 ]. Currently, nine ROS1 
fusion partners have been identified, and the 
most common is with CD74 located on chro-
mosome 5 t(5;6)(q32;q22). ROS1 fusions are 
believed to result in constitutive activation of 
the receptor TK to promote oncogenesis [ 71 ]. 
ROS1 rearrangements in NSCLC are rare and 
have an estimated prevalence of 1–2.5 % 
[ 100 – 104 ]. Patients with ROS1 rearrange-
ments tend to have similar demographics to 
patients with ALK gene rearrangements 
including younger age, never- smoking history, 
Asian ethnicity, and adenocarcinoma morphol-
ogy [ 100 ], often with high-grade areas. ROS1 
and ALK rearrangements appear to be mutu-
ally exclusive [ 100 ]. 

 Although rare, ROS1 rearrangements are 
becoming increasingly important clinically as 
patients with these alterations appear to be sensi-
tive to crizotinib [ 100 ,  103 ,  105 ]. This is cur-
rently being further evaluated in clinical trials. 
Similar to ALK rearrangements, a mechanism for 
secondary resistance to crizotinib has also been 
recently discovered by Awad et al. [ 106 ]. This 
group identifi ed an acquired substitution muta-

tion (G2032R) in a tumor with a CD74-ROS1 
fusion. This was felt to be responsible for the 
development of resistance after a successful 
treatment response to crizotinib.  

    BRAF 

 BRAF is a non-receptor serine/threonine kinase 
that works downstream from KRAS in the MAPK 
signaling pathway [ 99 ]. Mutations in BRAF are 
believed to result in constitutive activation of the 
kinase to promote oncogenesis via downstream 
signaling [ 107 ]. Two recent studies identifi ed that 
the most common BRAF mutation in pulmonary 
adenocarcinoma is the V600E substitution muta-
tion which accounts for approximately 50 % of 
mutations [ 108 ,  109 ]. Other mutations include 
G469A and D594G. These studies found BRAF 
mutations in 3 % [ 108 ] and 4.9 % [ 109 ] of adeno-
carcinomas. BRAF mutations are strongly asso-
ciated with a history of smoking [ 108 ,  109 ]. 
Marchetti et al. reported an association of BRAF 
mutation with a micropapillary component of the 
tumor morphology and poorer prognosis [ 109 ]. 
Currently, multiple BRAF inhibitors are under 
development, and clinical trials are underway to 
assess for BRAF mutations as clinically relevant 
targets [ 17 ,  99 ].  

    HER-2 

 Similar to EGFR, the HER2 (ERBB2) protein is 
a tyrosine kinase receptor that is part of the HER 
family of receptors and is activated by homodi-
merization or heterodimerization with other 
receptors, in particular EGFR and HER3 [ 93 ]. 
Activation of signaling pathways including the 
PI3K/AKT/mTOR and RAS/RAF/MEK path-
ways promotes cellular proliferation [ 93 ], and 
dysregulation of HER2 signaling results in onco-
genesis. Less than 5 % of NSCLC demonstrate 
amplifi cations of HER2 [ 110 ,  111 ] or mutations 
[ 112 – 114 ] and tend to be associated with never- 
smoking females with adenocarcinomas [ 114 ]. 
Several therapeutic agents targeting HER2 are 
currently under investigation.  
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    Other Genetic Alterations in Lung 
Adenocarcinoma 

 Numerous studies characterizing mutations and 
other genomic alterations in pulmonary adeno-
carcinoma have been published in recent years. 
In a genome-wide analysis of copy number alter-
ations in 371 pulmonary adenocarcinomas, Weir 
et al. identifi ed 57 recurrent copy number altera-
tions (gains or losses) involving 26 of 39 autoso-
mal chromosome arms, with the most frequent 
being an amplifi cation of chromosome 14q13.3, 
the region containing the Nkx2-1 gene (also 
known as TTF-1), present in 12 % of cases [ 115 ]. 
In a parallel study sequencing coding exons and 
splice sites of 623 candidate genes in 188 lung 
adenocarcinomas, Ding et al. found over 1,000 
somatic mutations across the samples, with 26 
genes that were mutated at high frequencies, sug-
gesting their involvement in carcinogenesis. 
These include known oncogenes (e.g., KRAS, 
NRAS), tumor suppressor genes (e.g., P53, NF1, 
APC, RB1), and tyrosine kinases (e.g., EGFR, 
FGFR4, NTRK1, NTRK3, PDGFRA), as well as 
several genes with yet unknown function [ 116 ]. 
An ever-growing number of studies using a range 
of large-scale characterization approaches 
including high-resolution comparative genomic 
hybridization (CGH), exome and whole-genome 
sequencing, and RNA/transcriptome sequencing 
continue to add to the list of potential driver 
mutations and other genetic alterations in lung 
adenocarcinomas [ 117 – 123 ]. While there is pres-
ently insuffi cient evidence to warrant routine 
testing for these alterations, technologies such as 
mass spectrometry-based genotyping and NGS 
that permit simultaneous analysis of large num-
bers of target genes are likely to move  increasingly 
into clinical use, as more of these alterations are 
validated and demonstrated to be of potential 
prognostic or predictive signifi cance [ 124 ].  

    Squamous Cell Carcinoma 

 Squamous cell carcinomas comprise approxi-
mately 20 % of all lung cancer in the North 
America [ 125 ]. Relatively little was known until 

the past decade regarding the important molecular 
and genomic alterations in squamous cell carcino-
mas of the lung, and only more recently have 
potentially targetable alterations been identifi ed in 
pulmonary squamous cell carcinomas. While vari-
ous studies have suggested that the EGFR and 
KRAS mutations present in pulmonary adenocar-
cinomas (see above) are also present in pulmonary 
squamous cell carcinomas, these mutations are 
now thought to be rare in pure squamous cell carci-
nomas, with reports of their presence likely repre-
senting detection in undersampled adenosquamous 
carcinomas, which are known to harbor these 
mutations [ 126 ]. However, type III EGFR muta-
tions (resulting from deletion of exons 2–7) have 
been described in up to 8 % of pulmonary squa-
mous cell carcinomas [ 127 ,  128 ]. These mutations 
are not thought to be associated with sensitivity to 
gefi tinib or erlotinib, but may be sensitive to some 
irreversible EGFR inhibitors [ 127 ]. 

 A number of studies assessing genomic altera-
tions in pulmonary squamous cell carcinoma 
have identifi ed recurrent amplifi cations or losses 
in a number of chromosomal regions, including 
2p, 3q, 5p, 7, 8p, 8q, 11q, 12q, 13q, 14q, 17q, 
19p, 19q, and 20q [ 129 – 135 ], which appear to 
accumulate though the metaplasia-dysplasia- 
carcinoma sequence [ 136 ]. One amplifi ed region 
of particular interest has been 3q, which harbors 
the SOX2 gene, amplifi ed in approximately 20 % 
of lung squamous cell carcinomas [ 132 ,  134 ]; 
TP63, which is amplifi ed in up to 88 % of lung 
squamous cell carcinomas [ 129 ]; and PIK3CA, 
which is amplifi ed in approximately 40 % of 
these tumors [ 137 ,  138 ]. PIK3CA mutations have 
also been found in 3.6–6.5 % of squamous carci-
nomas [ 126 ,  139 ,  140 ]. The PIK3CA gene is part 
of the phosphatidylinositol-3-kinase (PI3K) 
pathway, which is a signal transduction pathway 
critical to, among other things, cell survival. 
Mutations involving other genes encoding pro-
teins in this pathway have also been demonstrated 
in pulmonary squamous carcinoma, including 
PTEN (10 % of tumors) [ 141 ] and AKT1 (up to 7 % 
of tumors) [ 126 ,  142 ,  143 ]. Given that alterations 
in multiple members of this pathway have been 
identifi ed, various inhibitors targeting this path-
way (e.g., mTOR inhibitors such as sirolimus 
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and everolimus) are being evaluated for potential 
role in the treatment of pulmonary squamous cell 
carcinomas. 

 Other recurrent, potentially targetable genetic 
alterations that have been identifi ed in squamous 
cell carcinomas of the lung include FGFR1 
amplifi cation and DDR2 mutation. Fibroblast 
growth factor receptor (FGFR) is receptor tyro-
sine kinase with four isoforms. FGFR1 amplifi -
cation in pulmonary squamous cell carcinomas, 
fi rst reported in 2010 by Weiss et al. [ 144 ], is 
present in approximately 22 % of pulmonary 
squamous cell carcinomas and a smaller propor-
tion (1–3 %) of pulmonary adenocarcinomas 
[ 144 ,  145 ]. Lung cancer cells harboring FGFR1 
amplifi cations show growth inhibition and 
increased apoptosis when exposed to FGFR1 
inhibitors [ 144 ,  145 ]. Several small-molecule 
inhibitors of FGFR1 are presently undergoing 
testing for potential clinical use [ 99 ]. 

 The discoidin domain receptor (DDR) is a 
transmembrane receptor tyrosine kinase for inter-
stitial collagen, with roles in regulating cell adhe-
sion, proliferation, and migration. Upregulation 
of DDR1 expression has been reported to be 
associated with improved survival in NSCLC 
[ 146 ]. Several mutations in DDR2 have also been 
identifi ed in 4 % of pulmonary squamous cell 
carcinomas [ 147 ]. Tumor xenografts established 
from DDR2-mutant lung cancer cell lines were 
sensitive to the multi-targeted kinase inhibitor 
dasatinib [ 147 ], and several clinical trials investi-
gating dasatinib in the treatment of pulmonary 
squamous cell carcinoma are under way [ 99 ]. 
Several other small-molecule inhibitors currently 
in use for chronic myelogenous leukemia have 
also been found to demonstrate activity against 
DDR1 and DDR2 [ 148 ], suggesting their poten-
tial utility in the treatment of DDR2-mutated 
lung tumors. 

 In addition to the mutations and genomic alter-
ations discussed above, recent comprehensive 
profi ling of 178 pulmonary squamous carcinomas 
as part of The Cancer Genome Atlas (TCGA) 
project has identifi ed recurrent mutations in at 
least 11 genes, with signifi cant alterations affect-
ing multiple different pathways and potentially 
targetable alterations in the most tumors [ 149 ]. 

 At present, there is insuffi cient evidence to 
recommend routine testing for mutations or other 
genetic alterations in pulmonary squamous 
 carcinomas outside of research settings, although 
this will no doubt change in coming years, as 
results of clinical trials targeting some of these 
alterations become available.  

    Small Cell Carcinoma 

 Small cell carcinoma comprises approximately 
15 % of lung cancers worldwide and is associated 
with dismal prognosis [ 150 ]. However, character-
ization of genomic alterations in SCLC has been 
hindered in part by the relative paucity of mate-
rial available for testing compared with non- 
small cell carcinomas, due to the fact that SCLC 
is not often treated by surgical resection. In an 
array CGH study that included 33 SCLC tumors 
and 13 SCLC cell lines, Voortman et al. found 
that SCLC demonstrates markedly aberrant 
karyotypes. Multiple recurrent copy number 
alterations were identifi ed, including loss of the 
retinoblastoma (RB1) and TP53 genes and high 
copy number gains of MYC family member 
genes [ 151 ]; fi ndings are also noted in a report of 
whole-genome sequencing of a single case of 
SCLC [ 152 ]. Peifer et al. likewise identifi ed evi-
dence of RB1 and TP53 inactivation in all cases 
and MYC family amplifi cations in 16 % of cases. 
They also found a very high rate of non- 
synonymous coding region mutations in these 
tumors (average of 7.4 per one million base 
pairs), including recurrent mutations of PTEN 
and of multiple histone modifi er genes and focal 
amplifi cations of the FGFR1 gene (6 % of cases) 
[ 153 ]. In another large study of SCLC tumors and 
SCLC cell lines, Rudin et al. found at least 22 
signifi cantly mutated genes, including RB1, 
TP53, PIK3CA, and PTEN. Mutations clustering 
in several gene families and pathways were also 
noted, including the PI3K pathway, previously 
discussed in relation to squamous cell carci-
noma. Of interest, high-level amplifi cation of 
SOX2 was also found to be present in 27 % of 
samples, and treatment of cell lines harboring 
SOX2 amplifi cations with an anti-SOX2 short 
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hairpin RNA (shRNA) resulted in decreased cell 
 proliferation [ 154 ]. 

 Various preclinical and early clinical studies 
assessing the role of targeted therapies (e.g., 
FGFR, PI3K pathway) are ongoing [ 155 ], but at 
present, there remains insuffi cient evidence to 
warrant routine clinical testing for these and 
other genetic alterations in SCLC.  

    Conclusion 

 The discovery only a decade ago of EGFR muta-
tions with important predictive and prognostic 
implications for NSCLC has very rapidly resulted 
in signifi cant paradigm shifts in the diagnosis and 
management of lung cancer. As growing num-
bers of targetable genetic alterations are discov-
ered and validated across the spectrum of lung 
cancers, pathologists will be called upon not only 
to provide accurate histologic classifi cation of 
tumors but increasingly also to provide and inter-
pret concurrent molecular profi ling data to help 
refi ne diagnosis and guide treatment of patients 
with lung cancer.     
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           Gynecological Tumors of Epithelial 
Origin 

 Current FDA-approved molecular tests for gyne-
cological malignancies apply exclusively to epi-
thelial tumors, which are the main focus of this 
chapter. We grouped these tumors into those 
derived from the lower and upper reproductive 
tract because such classifi cation is convenient for 
a discussion of molecular tests relevant to their 
clinical management. Carcinomas of the upper 
reproductive tract should be further subdivided 
into those of uterine versus extrauterine origin 
because of differences in their clinicopathologi-
cal parameters, such as approach to staging and 
others, but are indistinguishable from a molecu-
lar pathological viewpoint. 

    Embryological Concepts Relevant 
to Understanding Epithelial Tumor 
Development in Gynecological 
Organs 

 Epithelial tumors of the female reproductive 
organs can be grouped into those from the upper 
reproductive tract embryologically derived from 

the Müllerian ducts and those from the lower 
reproductive tract that can be regarded as extensions 
of the perineal integument. A brief review of 
their embryological development is relevant in 
our understanding of their molecular, etiological, 
and morphological differences. The upper repro-
ductive tract is almost entirely derived from the 
Müllerian ducts, which fi rst appear as two dis-
tinct tubular structures closely related to the fetal 
kidneys that eventually fuse in their most distal 
portion, initially giving rise to the upper third of 
the vagina, cervix, and uterus. The most proximal 
portions remain unfused and give rise to the fal-
lopian tubes. The lower portion of the vagina is 
the result of an invagination of the perineal skin 
that later connects to the Müllerian duct deriva-
tives. The boundary between the stratifi ed squa-
mous epithelium derived from the skin and the 
columnar epithelium derived from the Müllerian 
ducts, fi rst located in the upper vagina, migrates 
to the cervix at later stages of development, giving 
rise to the squamocolumnar junction delineating 
the exocervix from the endocervix. This boundary, 
often referred to as the transformation zone, is 
the site of origin of most cervical carcinomas. 
It is not static, as it shifts upwards towards the 
uterus or downwards towards the vagina during 
the reproductive years, resulting in fl uctuations in 
the nature of the lining epithelia immediately 
adjacent to the transition zone. 

 Not only does the epithelial lining of the 
lower and upper reproductive tract show funda-
mental differences at the morphological and 
functional levels, but also the mechanisms of tumor 
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development from these sites and, therefore, of 
molecular changes targeted by molecular patho-
logical tests relevant to the management of these 
tumors are different. For example, organs from 
the lower reproductive tract, which include vulva, 
vagina, and exocervix lined by stratifi ed squa-
mous epithelium, give rise to tumors driven by 
infections with human papillomaviruses (HPV). 
The upper reproductive tract, which includes 
endocervix, uterus, fallopian tube, and extrauter-
ine Müllerian duct derivatives, is lined by various 
types of columnar epithelium that give rise to 
tumors driven primarily by reproductive hor-
mones. A notable exception to this concept is the 
frequent presence of human papillomavirus 
infections in endocervical adenocarcinomas [ 3 ]. 
This may be due not only to the vicinity of this 
organ to the exocervix, a frequent site of infec-
tion by these viruses, but also to the mobility of 
the transformation zone. There is no evidence 
that mucinous tumors of the upper reproductive 
tract, which are morphologically indistinguish-
able from those arising within the endocervix, are 
associated with such infections and the exact role 
of human papillomavirus in the development of 
endocervical adenocarcinomas is currently unclear. 

 The ovary, which until recently was thought to 
be the site of origin of most extrauterine serous, 
endometrioid, clear cell, and mucinous carcino-
mas, is not derived from the Müllerian ducts. The 
fact that these epithelial tumors historically con-
sidered to be of primary ovarian origin are mor-
phologically identical to tumors arising in 
Müllerian duct derivatives [ 4 ] has intrigued 
pathologists over much of the last century, leading 
to the formulation of a theory based on Müllerian 
metaplasia of the ovarian surface epithelium, the 
merit of which continues to be debated [ 1 ]. 

    Epithelial Tumors of the Lower 
Reproductive Tract 
 This group comprises tumors arising in the 
stratifi ed squamous epithelium of the vulva, 
vagina, and exocervix. Embryologically, these 
epithelia are extensions of the epithelial lining 
of the skin. They are almost always associated 
with prior infection with HPV, a non-enveloped, 
double- stranded DNA virus with a genome of 
approximately 8 kb [ 5 – 9 ]. 

  Mechanism of infection with human papillomavi-
ruses . The genome of HPV, fi rst sequenced in 
1982 [ 10 ,  11 ], consists of (1) two major onco-
genes, E6 and E7, which bind and inactivate the 
P53 and RB proteins, respectively; (2) two regu-
latory proteins, E1 and E2, involved in transcrip-
tion and replication; and (3) two structural 
proteins, L1 and L2, which comprise the viral 
capsid. Over 200 human papillomavirus subtypes 
have been described, approximately 40 of which 
are known to infect the human genital mucosa. 
Of these, only a subset has carcinogenic potential 
[ 6 ,  7 ,  9 ]. The International Agency for Research 
on Cancer classifi es these viruses based on such 
potential [ 8 ], which is primarily determined by 
the affi nity of viral E6 and E7 proteins to P53 and 
RB. Most of the experimental data on viruses 
associated with high carcinogenic risk comes 
from work with HPV-16 and HPV-18, so the clas-
sifi cation into high- versus low-risk groups is 
often based on epidemiologic evidence. All 
human papillomavirus subtypes that belong to a 
few genetically similar species in the α genus of 
the evolutionary tree are cervical carcinogens 
[ 12 ]. All others are not carcinogenic and are 
associated with the development of benign geni-
tal warts [ 7 ,  12 ]. Based on prevalence, the sub-
types included in screening tests are generally 
from those listed in Table  14.1 .

   Approximately 90 % of human papillomavirus 
infections are resolved by cell-mediated immu-
nity within 1–2 years of exposure, which also 
obviates the risk of disease progression. While all 
of the high-risk subtypes have varying degrees of 
oncogenic potential, HPV-16 and HPV-18 alone 
are respectively responsible for approximately 
55–60 % and 10–15 % of all squamous cell carci-
nomas of the vulva, vagina, and cervix. HPV-18 
infection is found to be more closely associated 

   Table 14.1    Human papillomavirus subtypes commonly 
found in the lower reproductive tract   

 Oncogenic risk 
classifi cation  Human papillomavirus subtypes 

 High risk (HR)  16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, 59, 68, 73, 82 

 Probable HR  26, 53, 66 
 Low risk (LR)  6, 11, 40, 42, 43, 44, 54, 61, 72, 

81, CP6108 
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with cervical adenocarcinomas than with squamous 
cell carcinomas [ 5 ,  6 ,  8 ,  9 ,  13 ,  14 ]. 

 Upon infection of the cervical epithelium, the 
circular viral DNA fi rst remains episomal and 
carries a low risk of transformation of the host 
cell. The viral DNA eventually integrates into the 
host genome, at which time the viral E2 gene is 
commonly lost leading to constitutive expression 
of the oncoproteins E6 and E7. These two pro-
teins bind to and cause degradation of the p53 
and RB proteins, respectively, resulting in consti-
tutive activation of the cell cycle and disruption 
of important cell cycle checkpoints, both of 
which predispose the host cell to malignant trans-
formation. Such transformation is usually pre-
ceded by cervical intraepithelial neoplasia, the 
precursor lesion targeted by early detection 
screening programs based on the Papanicolaou 
test. It is the differences in affi nity of the viral E6 
and E7 proteins to P53 and RB that distinguishes 
viral subtypes associated with high versus low 
risk of malignant transformation [ 5 ,  6 ,  8 ,  9 ]. 

  Detection of human papillomavirus DNA . 
Molecular tests used in the clinical management 
of tumors of the lower reproductive tract and of 
their precursor lesions focus on the demonstra-
tion of the presence of human papillomavirus 
DNA in surgical or cytological specimens and on 
the subtyping of such viruses based on their 
oncogenic potential. Most of the data comes from 
studies of squamous cell carcinoma of the cervix 
and of cervical intraepithelial neoplasia as the 
exocervix is by far the most common site of ori-
gin of these lesions. In spite of more than 10 
years of testing, there are still 12,000 new cases 
of cervical cancer each year in the USA and a 
further 500,000 women are diagnosed with mod-
erate- or high-grade cervical intraepithelial neo-
plasia grade 2 and 3 [ 15 ,  16 ], underscoring the 
need for improved diagnostic algorithms and 
testing availability. The exclusivity of human 
papillomavirus infections as the single cause of 
cervical cancer should theoretically allow for 
near eradication of this disease. 

 Most tests for HPV target the genotype- 
specifi c differences of the well-conserved  L1  
locus in the late gene region of the viral genome. 

The L1 protein is a major viral capsid protein that 
is the antigen against which both current vac-
cines, Gardasil and Cervarix, were raised. In con-
trast to infections with high-risk subtypes, the 
viral DNA remains episomal in infections with 
low-risk subtypes. 

 The fi rst commercially available assay for 
HPV was the Roche Linear Array assay that 
came to the market in 2003. This assay, which is 
no longer available, allowed detection of high- 
and low-risk subtypes but did not distinguish 
between these two groups. Liquid cytology-based 
tests currently approved by the FDA are listed in 
Table  14.2 . High-risk human papillomavirus sub-
types identifi ed in different FDA-approved assays 
are listed in Table  14.3 . The Digene Hybrid 
Capture 2 test, which became available in 2004, 
was the fi rst to distinguish high- from low-risk 
groups and rapidly became the established stan-
dard as a versatile platform allowing for either 
low-volume, manual, or large-scale automated 
approaches.

     The ATHENA  ( Addressing the Need for Advanced 
HPV Diagnostics )  trial . The single most important 
issue is the ability to detect infections with viruses 
associated with the highest risk of progression 
to carcinoma, 70 % of which involve either HPV-
16 or HPV-18. The importance of identifying 

   Table 14.2    FDA-approved liquid cytology-based assays 
for human papillomavirus   

 Name  Manufacturer 
 FDA approval 
date 

 Aptima HPV-16 
18/45 genotype 
assay 

 Gen-Probe, Inc.  10/12/2012 

 Aptima HPV assay  Gen-Probe, Inc.  10/28/2011 
 COBAS HPV test  Roche molecular 

systems, Inc. 
 4/19/2011 

 Cervista 
HPV-16/18 

 Hologic, Inc.  3/12/2009 

 Cervista HPV HR 
and Genfi nd DNA 
extraction kit 

 Hologic, Inc.  3/12/2009 

 Digene hybrid 
capture (HC2) 
high-risk HPV 
DNA test 

 Digene Corporation 
(acquired by 
Qiagen) 

 12/14/2004 
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these subtypes is also  evidenced in the 2012 
revised guidelines for the prevention and early 
detection of cervical cancer [ 14 ]. A clinical trial 
named “Addressing the Need for Advanced HPV 

Diagnostics” (ATHENA) was initiated to provide 
new diagnostic algorithms to improve patient out-
come [ 16 ,  17 ]. The main objectives were (1) to 
evaluate performance of the COBAS HPV test for 
triage of women with abnormal cytology and (2) 
to provide an adjunctive test for guidance in the 
clinical management in women with no cytologi-
cal evidence of intraepithelial lesions or carci-
noma. The trial evaluated the clinical performance 
of a new COBAS test (Table  14.3 ) that individu-
ally reports on HPV-16 and HPV-18 subtypes 
within a pool of an additional 12 high-risk sub-
types. For the fi rst time, this test platform enabled 
stratifi cation of women into those infected with 
HPV-16/18 versus those infected with high-risk 
groups other than HPV-16/18 without the need of 
a secondary test. 

 The ATHENA trial enrolled 46,887 women 
between 21 and 93 years of age. Cytological abnor-
malities were found in 6.9, 6.2, and 4.1 % of women 
aged 30–39, 40–49, and 50–59 years, respectively. 
High-risk infections were found in 25 % of 
women aged 21–29 and declined with increasing 
age, affecting only 5.0 % of women infected after 
the age of 70 (Fig.  14.1 ). The trial also confi rmed 
a low overall prevalence of HPV- 16 in women older 

    Table 14.3    High-risk human papillomavirus subtypes 
identifi ed in FDA-approved assays   

 Name 
 Detection 
target 

 High-risk human 
papillomavirus subtypes 
detected 

 COBAS HPV  Viral DNA  Individual: 16,18 
 Pooled: 31, 33, 35, 39, 
45, 51, 52, 56, 58, 59, 
66, and 68 

 Aptima HPV-16 
18/45 genotype 

 E6 and E7 
RNA 

 16 
 18/45 

 Aptima HPV  E6 and E7 
RNA 

 Pooled: 16, 18, 31, 33, 
35, 39, 45, 51, 52, 56, 58, 
66, and 68 

 Cervista 
HPV-16/18 

 Viral DNA  Pooled: 16 and 18 

 Cervista HPV 
HR 

 Viral DNA  16, 18, 31, 33, 35, 39, 45, 
51, 52, 56, 58, 59, and 68 

 Digene HC2 
HPV HR/LR 

 Viral DNA  Pooled high risk: 16, 18, 
31, 33, 35, 39, 45, 51, 52, 
56, 58, 59, and 68 
 Pooled low risk: 6, 11, 
42, 43, and 44 
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  Fig. 14.1    Age distribution of high-risk human papillomavirus infections from ATHENA trial. Adapted from Wright 
et al. [ 16 ]       
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than 30 years (2.3–0.7 % depending on age group) 
compared to 6.8 % in the 21–29-year age group; 
a similar pattern was seen for HPV-18 but with 
much lower prevalences (2.0–0.2 %) (Fig.  14.1 ).

   The sensitivity of the COBAS test to detect 
high-grade cervical intraepithelial neoplasia in 
women with atypical squamous cells in their 
cytological specimen was 90 %, which compared 
well to the performance of the established stan-
dard, the Digene HC2 test with a sensitivity of 
87.2 %. The COBAS and HC2 tests have similar 
specifi city metrics of 70.5 % and 71.1 %, respec-
tively. Importantly, the COBAS test allows for 
patient stratifi cation by identifying those women 
harboring HPV-16 and HPV-18 infections. 
Women who were HPV-16 positive were more 
than twice as likely to have moderate- to high- 
grade cervical intraepithelial neoplasia as those 
with high-risk infections not involving HPV-16 
or HPV-18 [ 16 ,  17 ]. Persistence of infection 
increases the risk of developing a precancerous 
lesion; women infected with HPV-16 for 3–5 
years have a 40 % risk of developing high-grade 
cervical intraepithelial neoplasia, which in turn 
carries a 30 % risk of progression to invasive car-
cinoma in 30 years compared to 1 % if treated. 

  Other competing tests . Kinney et al. [ 18 ] com-
pared the Cervista package insert to that of pub-
lished data for the HC2 test. They concluded 
that the Cervista test detected 2- to 4-fold more 
human papillomavirus infections than the HC2 
test in women older than 30 years and with nor-
mal cytology. True performance metrics for the 
Cervista test were subsequently published that do 
not support these initial fi ndings. Quigley et al. 
[ 19 ] found no signifi cant differences between the 
percent positive cases detected by Cervista ver-
sus HC2 in women with no evidence of intraepi-
thelial lesion or malignancy and in women aged 
30 years or more with atypical squamous cells of 
unknown signifi cance tested at three different 
sites. Similar results were obtained by Chateau 
et al. [ 20 ] and Kurian et al. [ 21 ]. 

 The Aptima test stands apart from the other 
tests in that it targets the detection of E6/E7 
mRNA, which is associated with integration of 
the virus into the host cell genome and malignant 

transformation [ 22 ]. It therefore probes the most 
clinically relevant infections. L1/L2 deletion 
sometimes occurs in addition to loss of E1/E2 
following integration, leading to potential false- 
negative results with L1-based detection assays 
[ 23 ]. However, E6/E7 is only transcriptionally 
active once the virus has integrated so false- 
negative results are primarily seen with early 
high-risk infections when episomal virus is pres-
ent. While Gen-Probe does offer two Aptima 
tests, the latter allowing detection of either pooled 
high-risk virions or HPV-16/18/45 versus HPV- 
18 and HPV-45, this assay is unable to distin-
guish between HPV-18 and HPV-45 subtypes, 
which does not meet the revised screening guide-
lines. Interestingly, HPV-18 and HPV-45 are very 
closely related subtypes belonging to the α7 HPV 
species while HPV-16 belongs to the more distal 
α9 HPV species [ 12 ]. 

 Szarewski et al. [ 24 ] used liquid-based cytol-
ogy samples from 1,099 women referred to col-
poscopy to compare the HC2, COBAS and 
APTIMA tests, and three other tests from the 
European market (Abbott real-time HR-HPV, BD 
real-time HPV, and NORCHIP  PreTect  HPV- 
Proofer NASBA based). With the exception of 
the  PreTect  assay, all platforms had similar detec-
tion rates of reporting either HPV-16 infections 
or all high-risk infections considered as a group 
(Fig.  14.2 ). All tests showed similar sensitivities 
between 93.3 and 96.3 % and specifi cities 
between 19.5 and 28.8 % for detection of moder-
ate (Fig.  14.2 ) and high-grade cervical intraepi-
thelial neoplasia. The HC2 test was the least 
specifi c while the APTIMA test was the most 
specifi c for the detection of moderate- and high- 
grade intraepithelial neoplasia. There was gener-
ally high sensitivity for detection of high-grade 
lesions (Fig.  14.2 ). The  PreTect  NASBA-based 
assay also targets E6/E7 expression and shows 
increased specifi city compared to the APTIMA 
test but was less sensitive, diminishing its clinical 
utility (Fig.  14.2 ).

    Alternative testing platforms . Cervical biopsies 
can be screened by in situ hybridization, which has 
the advantage of detecting the virus in morpho-
logically preserved tissue. Although this approach 
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has historically been associated with poor 
sensitivity, improved signal-detection methods 
are now obtainable [ 25 ] allowing routine detec-
tion of 50–100 copies per cell. The College of 
American Pathologists concluded in a recent sur-
vey (CAP ISH Survey Summary 2010B) that the 
test by Ventana, Inc. is the preferred source of 
HPV in situ hybridization probes. The Ventana 
INFORM HPV III Family 16 Probe (B) contains 
a mixture of viral genomic probes targeting a 
number of high-risk subtypes (16, 18, 31, 33, 35, 
39, 45, 51, 52, 56, 58, and 66) that can detect as 
few as 1–2 integrated HPV-16 copies per cell. In 
situ hybridization also allows evaluation of infec-
tion progression, as early infections are charac-
terized by episomal virus presenting with 
globular-like staining patterns while integration, 
seen at later stages of disease progression, is 
characterized by a dot-like signal. 

  Current testing guidelines for the prevention of 
cervical carcinoma . The 2012 revised screening 
recommendations for the prevention and early 
detection of cervical cancer [ 14 ] introduced a 
new diagnostic algorithm, to simultaneously 
perform cytological examination and test for 
human papillomavirus infection in all women 
30–65 years old. Women who test positive for 

the HPV-16 and HPV-18 and those infected with 
other high-risk viruses are stratifi ed into differ-
ent diagnostic algorithms. The goal is to identify 
infections that are most likely to progress to 
invasive cancer while minimizing the detection 
of false-positive results given that 90 % of HPV 
infections are known to resolve spontaneously. 

 Identifi cation of infections associated with 
low-risk of progression to carcinoma, which is of 
little diagnostic value, is no longer included in 
the newer generations of tests for human 
papillomavirus. 

 Testing for human papillomavirus in a screen-
ing setting will allow comparing the perfor-
mance metrics of the various assays that are as 
yet untested. Data from the ATHENA trial in 
which samples were collected from women aged 
21 years and older during routine screening 
included results from both liquid-based cytology 
and COBAS HPV testing. As expected, the prev-
alence of high-risk infection declined with 
increasing age as did the incidence of abnormal 
cytology [ 16 ,  17 ]. Likewise, the disparity 
between the presence of infection and abnormal 
cytology lessened with increasing age. More spe-
cifi cally, the incidence of HPV-16/18 infection in 
women aged 40 years or more aligns closely to 
that of low-grade squamous intraepithelial lesions. 
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Already, the ATHENA data supports the new 
algorithm for co-testing and stratifi cation of 
women with HPV-16/18 infections irrespective 
of the cytology results. 

  Endocervical adenocarcinoma . Although there 
has been a steady decline in the incidence of 
invasive cervical cancer since the implementation 
of cervical screening, this mostly benefi ted the 
incidence of squamous cell carcinoma. In fact, 
the incidence of cervical adenocarcinoma is ris-
ing [ 8 ,  26 ]. While it is expected that cervical 
screening is not as sensitive to detect cervical 
adenocarcinoma compared to squamous lesions 
due to their relative decreased accessibility, this 
cannot account for the observed increase in ade-
nocarcinoma. Although an underlying infection 
with human papillomavirus is invariably present 
in essentially all squamous cell carcinomas of the 
cervix, such infections are absent in a signifi cant 
proportion of adenocarcinomas [ 3 ]. Thus, the 
exact role of this virus in the development of 
endocervical tumors is still unclear. The spec-
trum of human papillomavirus subtypes associ-
ated with endocervical adenocarcinoma is 
slightly different than that associated with squa-
mous cell carcinoma of the exocervix, with HPV- 
18 infections being slightly more prevalent in 
adenocarcinomas [ 13 ,  14 ]. 

  Prevention of cervical carcinoma by vaccination 
against human papillomaviruses . It is hoped that 
the development of vaccines against the human 
papillomavirus will signifi cantly decrease the inci-
dence of cervical carcinoma. Such vaccines are 
not effective once integration of the viral genome 
into that of the host has occurred. Thus, current 
vaccines can only be effective in preventing future 
infections in unexposed individuals and, at least 
based on current technology, cannot be used to 
treat existing infections. The  Gardasil  (Merck, NJ) 
and  Cervarix  (GlaxoSmithKline, London, UK) 
vaccines exploit the HPV L1 protein as the anti-
gen.  Gardasil  was approved in 2006 and targets 
HPV- 6, 11, 16, and 18, while  Cervarix  was 
approved in 2009 and targets HPV-16 and HPV-
18. Vaccination is approved for women between 
the ages approximately 10–25 years.  

   Epithelial Tumors of Müllerian Origin 
 This group includes serous, endometrioid, clear 
cell and mucinous tumors either of endocervical, 
endometrial, or extrauterine origin. The latter 
category includes tumors historically classifi ed 
as of primary ovarian and peritoneal origins as 
well as carcinomas arising in the fallopian tube 
fi mbriae [ 2 ]. Currently, all molecular tests appli-
cable to epithelial tumors of Müllerian origin are 
performed in the context of specifi c familial pre-
disposition syndromes, namely, the hereditary 
breast and ovarian cancer syndrome and Lynch 
syndrome [ 27 – 29 ]. 

   Hereditary Breast and Extrauterine 
Müllerian (Ovarian) Cancer 
 Almost all individuals with hereditary breast and 
extrauterine Müllerian (ovarian) cancer syn-
dromes harbor germline mutations in either 
BRCA1 or BRCA2. Such mutations are associ-
ated with increased risk of serous carcinoma of 
the fallopian tube fi mbriae and of other extrauter-
ine Müllerian structures historically classifi ed as 
of primary ovarian or peritoneal origin. Whether 
BRCA1/2 mutation carriers are also at increased 
risk of developing serous carcinoma of the endo-
metrium is still unclear. Although BRCA1/2 
mutations have been reported in serous endome-
trial carcinomas [ 30 ], there is a debate as to 
whether or not tamoxifen therapy is the main 
driver of endometrial carcinoma in BRCA1/2 
mutation carriers [ 31 ,  32 ]. 

  Role of BRCA1 / 2 in cancer development . In the 
general population, BRCA1 mutations carry a 
39 % risk of developing ovarian cancer by age 
70 years and an 11 % risk for BRCA2 mutations. 
While pathogenic mutations are distributed 
across the entire genes, some regions are more 
closely associated with ovarian cancer. Exon 11 
of the BRCA2 gene constitutes the Ovarian 
Cancer Cluster Region. Families with mutations 
in this region are more likely to develop ovarian 
cancer than breast cancer. The cluster region con-
tains conserved BRC motifs (so named from 
BRCA2 gene) that interact with Rad51 recombi-
nase, the critical component driving homologous 
recombination to repair DNA double-stranded 
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breaks [ 29 ]. Other mechanisms of DNA repair 
include mismatch repair, nucleotide excision 
repair, transcription-coupled repair, and nonho-
mologous end joining. While the role of BRCA2 
in DNA repair is more closely associated with 
homologous recombination, that of BRCA1 is 
associated with multiple mechanisms. BRCA1 is 
also involved in cell cycle checkpoints including 
the mitotic checkpoint at the anaphase-promoting 
complex and in the control of cytokinesis, failure 
of which leads to polyploidy, a precursor to aneu-
ploidy [ 33 ]. Thus, with BRCA1/2 protein loss of 
function, normal DNA repair mechanisms and 
other important cellular regulatory mechanisms 
are disrupted. When these are superimposed on a 
p53 mutation, which is present in essentially all 
high-grade serous gynecological tumors, the 
genomic abnormalities that result from loss of 
functional BRCA1 or BRCA2 proteins are 
unchecked, increasing the risk of malignant 
transformation. Although the fact that most 
tumors that arise in BRCA mutation carriers 
show loss of heterozygosity affecting the wild- 
type allele suggests that these two proteins are 
classical tumor suppressors, this does not account 
for their site specifi city. Indeed, although tumors 
arising in  BRCA2  mutation carriers show a less 
restricted organ distribution, those arising in 
 BRCA1  mutation carriers develop almost exclu-
sively in breast and gynecological organs. It has 
been suggested that BRCA1 mutations are 
 associated with cancer predisposition via a cell- 
nonautonomous mechanism driven by conse-
quences of such mutations on the menstrual 
cycle, which in turn is the greatest risk factor for 
epithelial tumors of the female upper reproduc-
tive tract [ 33 – 35 ]. 

  Screening for BRCA1 and BRCA2 mutations . 
The lifetime risk of extrauterine Müllerian (ovar-
ian) cancer in the US general population is 1.4 %, 
which dramatically increases to 15–40 % in 
women who carry germline mutations in  BRCA1  
or  BRCA2 . Overall, the incidence of  BRCA1 / 2  
mutations in the US population is 0.2 % and 
includes numerous sequence variants of unknown 
signifi cance. Screening is not recommended for 

the general population, but should be considered 
for those women with close relatives diagnosed 
with breast and ovarian cancer, especially if the 
relative is less than 50 years old. A person is also 
strongly recommended to consider testing if a 
BRCA1/2 mutation has been found in a family 
member, or if a male family member develops 
breast cancer. 

  Many BRCA1 / 2  sequence variants have been 
detected. As of September 2012, 1,484 of such 
variants are listed for  BRCA1  and 1,886 for 
 BRCA2  on the Universal Mutation Database 
website (  www.umd.be    ). Most are rare or have not 
been associated with an increased cancer risk, 
implying that they may represent inconsequential 
polymorphisms. Frequency of individual muta-
tions associated with increased cancer risk differs 
by ethnicity [ 36 ]. For example, Ashkenazi Jews, 
who have substantially elevated risk for breast 
and extrauterine serous cancers, have three well- 
described founder mutations (Table  14.4 ) with a 
combined frequency of 1:40.

   Myriad Genetics, Inc. is the owner of patents 
relating to the genetic testing of BRCA1 and 
BRCA2 with the right to sublicense. This has cre-
ated a testing landscape where the majority of the 
testing is performed by this organization, with 
some laboratories around the USA performing 
limited mutations panels (e.g., Ashkenazi Jewish 
panels) under sublicensed agreements. Myriad 
Genetics offers three different levels of testing: 
(1) comprehensive analysis for full sequencing of 
the BRCA genes, (2) multisite panels for specifi c 
founder mutations, and (3) single site analysis 
for those families in which a specifi c mutation 
has already been described. This monopoly of 
BRCA testing at a single commercial site has 
been at the center of legal debate for some time. 

   Table 14.4    Founder BRCA1/2 mutations in Ashkenazi 
Jews   

 Gene  Mutation  Incidence (%) 

 BRCA1  187delAG (formerly 
185delAG) 

 1.1 

 5385insC  0.15 
 BRCA2  6174delT  1.5 
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Recently, DNA patent laws have been successfully 
challenged ( Assoc. for Mol. Path. v. Myriad : 
Isolated Human DNA is Not Patent-Eligible 
Subject Matter 2013) in that the US Supreme 
Court invalidated several BRCA- 1/-2 patents. 
However, legal hurdles around methodology pat-
ents remain, which will continue to limit wide 
spread adoption of testing across the US.  

   Lynch Syndrome 
 Lynch syndrome is an autosomal dominant disor-
der that increases the risk of affected families for 
a broad spectrum of malignancies. This syndrome 
has historically been called hereditary nonpolypo-
sis colorectal cancer (HNPCC) to distinguish it 
from familial polyposis coli, another syndrome 
associated with increased predisposition to 
colorectal cancer, the malignancy most frequently 
associated with Lynch syndrome. In the general 
population, the incidence of Lynch syndrome is 
estimated to be between 1:2,000 and 1:660 with a 
25–60 % lifetime risk of developing endometrioid 
cancers of either uterine or extrauterine origin, the 
latter typically associated with endometriosis. 
Approximately 50,000 new cases of such cancers 
are diagnosed each year, of which 5 % are attrib-
uted to Lynch syndrome. This syndrome is caused 
by mutations in the mismatch repair enzymes 
 MLH1 ,  MSH2 ,  MSH6 , and  PSM2  that catalyze the 
repair of small base-pair substitutions and inser-
tion/deletion errors that arise during DNA replica-
tion [ 37 ]. It is thought that loss of function of 
these enzymes leads to an increased rate of muta-
tions that in turn  predispose to malignant transfor-
mation. Overall, 90 % of germline mutations in 
mismatch repair genes are found in MLH1 and 
MSH2, with 7–10 % involvement of MSH6 and 
less than 5 % in PSM2. However, most endome-
trioid gynecological cancers are associated with 
MSH6 mutations [ 38 ,  39 ]. 

  Microsatellite DNA . The accumulation of DNA 
replication errors is the hallmark of Lynch syn-
drome. While such errors are evidenced across 
the entire genome, microsatellite sequences, 
which are tandem repeats of short sequences 
ranging from one to six nucleotides in length 
widely distributed throughout the genome, are 

particularly sensitive. In addition, they are readily 
amenable to molecular testing in clinical settings. 
The length of the repeated monomeric sequence 
in microsatellites is inversely proportional to the 
frequency of base mismatch occurring during 
DNA replication, implying that single-nucleotide 
repeats are more prone to replication errors than 
longer repeats. These single- nucleotide repeats 
are also the most abundant in the human genome, 
with poly(A) and poly(T) being more frequent 
than poly(C) and poly(G). 

  Microsatellite instability (MSI) . Although DNA 
sequencing of genes encoding mismatch repair 
enzymes is the most defi nitive test for Lynch syn-
drome, documentation of microsatellite instability, 
often evaluated together with immunohistochem-
istry for mismatch repair enzymes, is a widely 
used and much more economical approach. This 
approach entails enzymatic amplifi cation of a 
panel of microsatellite sequences in paired sam-
ples from normal and cancerous tissues from the 
same individuals, followed by electrophoresis of 
the PCR product in order to separate them based 
on their size. The number of repeated units within 
a microsatellite locus is maintained when normal 
mismatch repair mechanisms are intact so that 
the overall length of any given microsatellite in 
cancerous tissues is not different from that in nor-
mal cells from the same individuals (microsatel-
lite stable). Frequent shifts in the electrophoretic 
mobility of amplicons from microsatellites iso-
lated from cancerous tissues (Fig.  14.3 ) are the 
diagnostic hallmark of microsatellite instability, 
which is frequently seen with defective mismatch 
repair mechanisms such as in individuals with 
Lynch syndrome.

   The use of this approach in the diagnosis of 
Lynch syndrome is based on a statistical argument 
demonstrating that the frequency of microsatellite 
instability is higher in cancerous tissues than in 
normal tissues from the same individual. Such 
frequency can vary depending on the nature and 
number of the microsatellite sequences examined. 
Thus, there is a need for standardization of these 
parameters in order to ensure reproducibility 
among different laboratories. To this end, a 
panel of microsatellite loci was established by the 
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Bethesda guidelines in 1996 [ 40 ] (Table  14.5 ). 
The original panel consisted of two mononucleo-
tide and three dinucleotide repeats. Revised 
guidelines from 2004 [ 41 ] recommended empha-
sis on the more sensitive mononucleotide repeats 
(Table  14.5 ). Also recommended is inclusion of 
penta-nucleotide repeats to verify that the matched 
normal and tumor samples used are indeed from 
the same patient. The fi nding of microsatellite 
instability in more than one third of microsatellite 
sequences examined (MSI-High) is regarded as 
indicative of an abnormality in a mismatch repair 
enzyme.

   Many laboratories offer testing for microsatel-
lite instability in formalin-fi xed paraffi n- embedded 

tissues. A 2012 profi ciency survey by the College 
of American Pathologists revealed that 63 % of 
laboratories use the kit marketed by Promega 
Corporation, which was specifi cally designed to 
meet the recommendations in the revised Bethesda 
guidelines. 

  Issues related to gynecological tumors specifi -
cally . Most of the work on microsatellite instabil-
ity has been carried out on colorectal carcinomas 
and is discussed in a separate chapter. It is esti-
mated that Lynch syndrome accounts for 5 % of 
endometrioid carcinomas of either the endome-
trium or extrauterine endometrial tissues, the 
latter usually associated with endometriosis [ 2 ]. 
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  Fig. 14.3    Example of microsatellite instability detected 
by capillary electrophoresis. DNA samples isolated from 
matched normal and cancerous tissues from two different 
patients were amplifi ed enzymatically using primers for a 
monomeric microsatellite locus (NR-21). The PCR prod-
ucts were subjected to capillary electrophoresis. The elec-
trophoretic mobility tracings of the products obtained 
with the normal tissue samples ( blue ) and those obtained 
from the cancerous tissues ( orange ) are superimposed in 

order to allow for better comparison. Identical patterns are 
seen for the normal and cancerous tissues in patient A, 
indicating microsatellite stability in this patient’s tumor at 
this locus. Although the mobility tracings from the can-
cerous tissue completely overlap those from the normal 
tissue sample in patient B, additional signals of lower 
electrophoretic mobility are also present in the cancerous 
sample that are not seen with the normal tissue sample 
indicating microsatellite instability       

    Table 14.5    Microsatellite markers from the original and revised Bethesda guidelines   

 Original Bethesda panel  GenBank no. 
 Revised Bethesda panel 
marketed by Promega  GenBank no. 

 Bat-25 (A) 25   L04143  Bat-25 (A) 25   L04143 
 Bat-26 (A) 26   U41210  Bat-26 (A) 26   U41210 
 D2S123 (CA)  n    Z16551  NR-21 (A) 21   XM_033393 
 D5S346 (CA)  n    NM_005669  NR-24 (A) 24   X60152 
 D17S250 (CA)  n    NT_010783.15  Mono-27 (A) 27   AC007684 

 Penta C (AAAAG) 3–15   AL138752 
 Penta D (AAAAG) 2–17   AC000014 
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Although microsatellite instability can also be 
seen in endometrioid tumors not associated 
with Lynch syndrome such as those with meth-
ylation of the promoter region of genes encoding 
mismatch repair enzymes, it still needs to be 
 determined whether or not these are associated 
with a different prognosis, as is the case for 
colorectal carcinomas. Another issue is whether 
the fact that mutations in MSH6 are more fre-
quent in these tumors than in colorectal tumors 
among individuals affected by Lynch syndrome 
has any consequences on the type of microsatel-
lite sequences more prone to show instability. 
Should this be the case, there will be a need for 
tumor type-specifi c microsatellite panels appli-
cable to some, but not all cancers associated with 
Lynch syndrome.     

    Other Gynecological Cancers That 
May Benefi t from Molecular Tests  

 There are currently no established molecular 
pathological tests commonly used in the manage-
ment of other epithelial tumors of Müllerian ori-
gin or in gynecological tumors of stromal or germ 
cell origins. This is likely to change with the 
development of novel targeted therapies, many of 
which are currently under investigation [ 42 ,  43 ]. 
Additionally, data from next generation sequenc-
ing will provide a clearer understanding of the 
molecular basis of these tumors that will drive 
the exploitation of such therapies. This effort 
contributes to the increasing list of mutations 
associated with specifi c tumor types that may 
become the target of clinically useful  molecular 
tests in the near future [ 44 – 48 ] (Table  14.6 ). For 
example, serous carcinomas arising either in the 
endometrium or in extrauterine Müllerian epithe-
lium generally lack microsatellite instability but 
are associated with mutations in P53. In contrast, 
endometrioid tumors often show microsatellite 
instability and are also associated with mutations 
in PTEN but lack P53 mutations. These differ-
ences could provide means of distinguishing the 
clinically more aggressive high- grade serous 
tumors from the less aggressive endometrioid 
tumors, an important clinical problem. Mutations 

in ARID1A, which are associated with non-
serous endometrial tumors [ 49 ], could provide 
the basis for another molecular test allowing dis-
tinction between these tumors and the less aggres-
sive endometrioid and clear cell tumors.

   Although the PI3K/AKT/mTOR signaling 
pathway is often altered in both serous and endo-
metrioid tumors, documentation of such activity 
is becoming relevant given that new mTOR 
inhibitors are currently in clinical trials that have 
shown some effi cacy against endometrioid can-
cers [ 50 ,  51 ]. Likewise, the PI3K/AKT pathway 
is frequently deregulated in high-grade serous 
ovarian cancer, while activation of the KRAS/
BRAF/MEK/MAPK signaling pathway is pri-
marily seen in low-grade serous (and mucinous) 
tumors, providing a potential molecular diagnos-
tic tool to complement morphological criteria in 
distinguishing between these histological sub-
types associated with signifi cant differences in 
prognosis and therapeutic management. 

 Additional examples include the association 
between clear cell carcinomas and TMS-1-/ASC- 
targeted methylation [ 48 ]. FOXL2 C134W muta-
tion is seen in 97 % of granulosa cell tumors [ 52 ]. 
These alterations restricted to specifi c tumor types 
could become useful in confi rming these diagnoses. 

   Table 14.6    Genetic alterations commonly associated 
with gynecological tumors of the upper reproductive tract   

 Origin  Histological subtype  Genetic anomalies 

 Epithelial  Low-grade serous  BRAF/KRAS 
 IGF receptor 

 High-grade serous  p53 
 PI3K/AKT 
 BRCA1/2 

 Endometrioid  PTEN 
 Microsatellite 
instability 
 β-catenin 
 ARID1A 

 Mucinous  K-RAS 
 Clear cell  PTEN 

 Microsatellite 
instability 
 TMS-1/ASC 
 ARID1A 

 Stromal  Granulosa cell  FOXL2 
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Another important diagnostic problem is in 
evaluating the malignant potential of stromal 
tumors such as smooth muscle tumors of the 
myometrium or the various mixed Müllerian 
stromal tumors. It is hoped that molecular tests 
will complement morphological criteria to assist 
pathologists in making such clinically important 
distinctions in the foreseeable future.     

   References 

    1.    Dubeau L, Drapkin R. Coming into focus: the non- 
ovarian origins of ovarian cancer. Ann Oncol. 2013;
24:viii28–35.  

     2.    Dubeau L. The cell of origin of ovarian epithelial 
tumours. Lancet Oncol. 2008;9:1191–7.  

     3.    Ferguson AW, Svoboda-Newman SM, Frank TS. 
Analysis of human papillomavirus infection and 
molecular alterations in adenocarcinoma of the cer-
vix. Mod Pathol. 1998;11:11–8.  

    4.    Dubeau L. The cell of origin of ovarian epithelial 
tumors and the ovarian surface epithelium dogma: 
does the emperor have no clothes? Gynecol Oncol. 
1999;72:437–42.  

      5.    Bosch FX, Lorincz A, Munoz N, et al. The causal 
relation between human papillomavirus and cervical 
cancer. J Clin Pathol. 2002;55:244–65.  

      6.    Burd EM. Human papilloma virus and cervical can-
cer. Clin Microbiol Rev. 2003;16:1–17.  

     7.    de Villiers EM, Fauquet C, Broker TR, et al. 
Classifi cation of papillomaviruses. Virology. 2004;324:
17–27.  

       8.    Schiffman M, Castle PE, Jeronimo J, et al. Human 
papillomavirus and cervical cancer. Lancet. 2007;370:
890–907.  

       9.    Zheng Z-M, Baker CC. Papillomavirus structure, 
expression, and post-transcriptional regulation. Front 
Biosci. 2006;11:2286–302.  

    10.    Chen EY, Howley PM, Levinson AD, Seeburg PH. 
The primary structure and genetic organization of the 
bovine papillomavirus type 1 genome. Nature. 1982;
299:529–34.  

    11.    Danos O, Katinka M, Yaniv M. Human papillomavirus 
1a complete DNA sequence: a novel type of genome 
organization among papovaviridae. EMBO J. 1982;1:
231–6.  

      12.    Schiffman M, Clifford G, Buonaguro FM. 
Classifi cation of weakly carcinogeneic papillomavi-
rus types: addressing the limits of epidemiology at the 
borderline. Infect Agent Cancer. 2009;4:8.  

     13.    Dunne EF, Unger ER, Sternberg M, et al. Prevalence 
of HPV infection among females in the United States. 
JAMA. 2007;297:813–9.  

       14.    Saslow D, Solomon D, Lawson HW, et al. American 
Cancer Society, American Society for Colposcopy 

and Cervical Pathology, and American Society for 
Clinical Pathology screening guidelines for the pre-
vention and early detection of cervical cancer. Am J 
Clin Pathol. 2012;137:516–42.  

    15.    Hariri S, Unger ER, Powell SE, et al. Human papillo-
mavirus genotypes in high-grade cervical lesions in 
the United States. J Infect Dis. 2012;206:1878–86.  

        16.    Wright Jr TC, Stoler MH, Behrens CM, et al. The 
ATHENA human papillomavirus study: design, meth-
ods, and baseline results. Am J Obstet Gynecol. 
2012;206:46.e1–46.e11.  

      17.    Stoler MH, Wright Jr TC, Sharma A, et al. High-risk 
human papillomavirus testing in women with 
ASC-US cytology: results from the ATHENA HPV 
study. Am J Clin Pathol. 2011;135:468–75.  

    18.    Kinney W, Stoler MH, Castle PE. Special commen-
tary: patient safety and the next generation of HPV 
DNA tests. Am J Clin Pathol. 2010;134:193–9.  

    19.    Quigley NB, Potter NT, Chivukula M, et al. Rate of 
detection of high-risk HPV with two assays in women 
>/= 30 years of age. J Clin Virol. 2011;52:23–7.  

    20.    du Chateau BK, Schroeder ER, Munson E. Clinical 
laboratory experience with CERvista HPV HR as a 
function of cytological classifi cation: comparison 
with retrospective digene HC@ high-risk HPV DNA 
test data. J Clin Microbiol. 2013;51:1057–62.  

    21.    Kurian EM, Caporelli M-L, Baker S, et al. Cervista 
HR and HPV16/18 Assays vs hybrid capture: out-
come comparison in women with negative cytology. 
Am J Clin Pathol. 2011;136:808–16.  

    22.    Morris BJ. Cervical human papillomavirus screening 
by PCR: advantages of targeting the E6/E7 region. 
Clin Chem Lab Med. 2005;43:1171–7.  

    23.    Karlsen F, Kalantari M, Jenkins A, et al. Use of mul-
tiple PCR primer sets for optimal detection of human 
papillomavirus. J Clin Microbiol. 1996;34:2095–100.  

     24.    Szarewski A, Mesher D, Cadman L, et al. Comparison 
of seven tests for high-grade cervical intraepithelial 
neoplasia in women with abnormal smears: the 
Predictors 2 study. J Clin Microbiol. 2012;50:
1867–73.  

    25.    Kelesidis T, Aish L, Steller MA, et al. Human papil-
lomavirus (HPV) detection using in situ hybridization 
in histologic samples: correlations with cytologic 
changes and polymerase chain reaction HPV detec-
tion. Am J Clin Pathol. 2011;136:119–27.  

    26.    Seoud M, Tjalma WA, Ronsse V. Cervical adenocar-
cinoma: moving towards better prevention. Vaccine. 
2011;29:9148–58.  

    27.    Folkins AK, Longacre TA. Hereditary gynaecological 
malignancies: advances in screening and treatment. 
Histopathology. 2013;62:2–30.  

   28.   Smith JA. Gynecologic cancers. In Pharmacotherapy 
Self-Assessment Program-VII Book 6 (Oncology), 
Edition 7. American College of Clinical Pharmacy; 
2011. p. 129–143.  

     29.    Sowter HM, Ashworth A. BRCA1 and BRCA2 as 
ovarian cancer susceptibility genes. Carcinogenesis. 
2005;26:1651–6.  

P.M. Ward and L. Dubeau



241

    30.    Pennington KP, Walsh T, Lee M, et al. BRCA1, TP53, 
and CHEK2 germline mutations in uterine serous car-
cinoma. Cancer. 2013;119:332–8.  

    31.    Beiner ME, Finch A, Rosen B, et al. The risk of endo-
metrial cancer in women with BRCA1 and BRCA2 
mutations. A prospective study. Gynecol Oncol. 2007;
104:7–10.  

    32.    Duffy DL, Antill YC, Stewart CJ, et al. Report of 
endometrial cancer in Australian BRCA1 and BRCA2 
mutation-positive families. Twin Res Hum Genet. 
2011;14:111–8.  

     33.    Yu VM, Marion CM, Austria TM, et al. Role of 
BRCA1 in controlling mitotic arrest in ovarian cyst-
adenoma cells. Int J Cancer. 2011;130:2495–504.  

   34.    Chodankar R, Kwang S, Sangiorgi F, et al. Cell- 
nonautonomous induction of ovarian and uterine 
serous cystadenomas in mice lacking a functional 
Brca1 in ovarian granulosa cells. Curr Biol. 2005;15:
561–5.  

    35.    Hong H, Yen H-Y, Brockmeyer A, et al. Changes in 
the mouse estrus cycle in response to Brca1 inactiva-
tion suggest a potential link between risk factors for 
familial and sporadic ovarian cancer. Cancer Res. 
2010;70:221–8.  

    36.    Janavicius R. Founder BRCA1/2 mutations in the 
Europe: implications for hereditary breast-ovarian can-
cer prevention and control. EPMA J. 2010;1:397–412.  

    37.    Meyer LA, Broaddus RR, Lu KH. Endometrial cancer 
and Lynch syndrome: clinical and pathologic consid-
erations. Cancer Control. 2009;16:14–22.  

    38.    Goodfellow PJ, Buttin PM, Herzog TJ, et al. 
Prevalence of defective DNA mismatch repair and 
MSH6 mutation in an unselected series of endome-
trial cancers. Proc Natl Acad Sci U S A. 2009;100:
5908–13.  

    39.    Ramsoekh D, Wagner A, van Leerdam EV, et al. 
Cancer risk in MLH1, MSH2, and MSH6 mutation 
carriers; different risk profi les may infl uence clinical 
management. Hered Cancer Clin Pract. 2009;7:17.  

    40.    Rodriguez-Bigas MA, Boland CR, Hamilton SR, 
et al. A national cancer institute workshop on heredi-
tary nonpolyposis colorectal cancer syndrome: 
 meeting highlights and Bethesda guidelines. J Natl 
Cancer Inst. 1997;89:1758–60.  

    41.    Umar A, Boland CR, Terdiman JP, et al. Revised 
Bethesda guidelines for hereditary nonpolyposis 

colorectal cancer (Lynch syndrome) and microsatellite 
instability. J Natl Cancer Inst. 2004;96:261–8.  

    42.    Banerjee S, Kaye SB. New strategies in the treatment 
of ovarian cancer: current clinical perspectives and 
future potential. Clin Cancer Res. 2013;19:961–8.  

    43.    Modugno F, Edwards RP. Ovarian cancer: prevention, 
detection, and treatment of the disease and its recur-
rence. Molecular mechanisms and personalized medi-
cine meeting report. Int J Gynecol Cancer. 2012;22:
S45–57.  

    44.    Ketabi Z, Bartuma K, Bernstein I, et al. Ovarian can-
cer linked to Lynch syndrome typically presents as 
early-onset, non-serous epithelial tumors. Gynecol 
Oncol. 2011;121:462–5.  

   45.    Nout RA, Bosse T, Creutzberg CL, et al. Improved 
risk assessment of endometrial cancer by combined 
analysis of MSI, PI3K-AKT, Wnt/beta-catenin and 
P53 pathway activation. Gynecol Oncol. 2012;126:
466–73.  

   46.    Peterson LM, Kipp BR, Halling KC, et al. Molecular 
characterization of endometrial cancer: a correlative 
study assessing microsatellite instability, MLH1 
hypermethylation, DNA mismatch repair protein 
expression, and PTEN, PIK3CA, KRAS, and BRAF 
mutation analysis. Int J Gynecol Pathol. 2012;31:
195–205.  

   47.    Romero I, Bast Jr RC. Minireview: human ovarian 
cancer: biology, current management, and paths to 
personalizing therapy. Endocrinology. 2012;153:
1593–602.  

     48.    Rosen DG, Yang G, Liu G, et al. Ovarian cancer: 
pathology, biology, and disease models. Front Biosci. 
2009;14:2089–102.  

    49.    Wiegand KC, Shah SP, Al-Agha OM, et al. ARID1A 
mutations in endometriosis-associated ovarian carci-
nomas. N Engl J Med. 2010;363:1532–43.  

    50.    Diaz-Padilla I, Duran I, Clarke BA, Oza AM. Biologic 
rationale and clinical activity of mTOR inhibitors in 
gynecological cancer. Cancer Treat Rev. 2012;38:
767–75.  

    51.    Suh DH, Kim JW, Kim K, et al. Major clinical 
research advances in gynecologic cancer in 2012. J 
Gynecol Oncol. 2013;24:66–82.  

    52.    Shah SP, Kobel M, Senz J, et al. Mutation of FOXL2 
in granulosa-cell tumors of the ovary. N Engl J Med. 
2009;360:2719–29.      

14 Molecular testing in Gynecological Malignancies



243G.M. Yousef and S. Jothy (eds.), Molecular Testing in Cancer, 
DOI 10.1007/978-1-4899-8050-2_15, © Springer Science+Business Media New York 2014

           Introduction 

 The advancing molecular era has fundamentally 
reshaped the landscape of neuro-oncologic neuropa-
thology. The ever-increasing interest in molecular-
based classifi cation algorithms will fundamentally 
change the way that pathologists classify and sur-
geons and oncologists treat brain tumors [ 1 ]. Recent 
clinical trials have identifi ed clear differences in 
prognosis and therapeutic selection for primary 
brain tumors on the basis of genetic and epigenetic 
changes, and members of the neuro-oncologic com-
munity have called for the assessment of molecular 
alterations with treatment implications as standard 
of care [ 2 ]. Molecular neuropathology is in rapid 
transition from the esoteric to the exoteric.  

    Molecular Alterations in Glioma 
and Glioneuronal Tumors 

    Isocitrate Dehydrogenase 

 The characterization of isocitrate dehydrogenase 
(IDH) mutations has unquestionably altered our 
understanding of the biology of adult gliomas. 

In their landmark paper on the integrated genomic 
analysis of glioblastoma, Parsons et al. identifi ed 
a subpopulation of glioblastomas featuring 
somatic mutations of IDH1 [ 3 ]. In the majority of 
cases, the alteration involved the R132 amino 
acid. Even in this initial study, the prognostic 
benefi t and lower age of the affl icted patient pop-
ulation was noted as well as the association with 
secondary glioblastomas. A year later the prog-
nostic difference between IDH-mutated (IDH2 
mutations were also characterized in gliomas) 
and IDH wild-type tumors was confi rmed on a 
larger data set [ 4 ], with the patients with IDH 
mutations having better outcomes. Mutation of 
IDH was also characterized in the majority of 
low-grade astrocytomas and the vast majority of 
oligodendrogliomas (irrespective of grade). IDH 
mutation was also identifi ed as a marker of posi-
tive prognosis and response to temozolomide in 
low-grade gliomas [ 5 ]. The discovery of IDH 
mutations in low-grade gliomas also provided 
insight into the biology of pediatric diffuse astro-
cytomas, as IDH1 mutations are absent in pediat-
ric cases of infi ltrating gliomas [ 6 ,  7 ]. This 
signifi cant difference in the molecular alterations 
driving these tumors provides evidence to sup-
port what many neuropathologists had suspected 
for decades—that the biology of pediatric and 
adult low-grade astrocytoma is different, despite 
similar morphologic appearance. 

 Given that the R132H alteration accounted 
for 90 % of IDH mutations in glioma, a mono-
clonal antibody directed against the mutant pro-
tein was generated and characterized [ 8 – 10 ]. 
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This antibody has excellent sensitivity and is 
entirely specifi c for the mutant protein. This 
breakthrough has granted neuropathologists the 
ability to permit directed molecular character-
ization of brain tumors using brightfi eld 
microscopy (Fig.  15.1 ). The uses of this mutant-
specifi c antibody are manifold. The ability to 
identify infi ltrating tumor cells in a background 
of predominantly nonneoplastic glial tissue has 
vastly improved diagnosis of subtle low-grade 
gliomas. The often morphologically challeng-
ing distinction between reactive gliosis and 
tumor is also markedly improved with the use of 
IDH1 mutant-specifi c antibody [ 8 ]. The immu-
nohistochemical test for mutant-specifi c IDH1 
has largely supplanted assessment with PCR, 
though several centers still offer this test. For 
practicing pathologists, it is worth noting in 
patient reports that absence of R132H mutant 
IDH expression does not preclude other muta-
tions of IDH1 or IDH2.

       MGMT 

  O -6-methylguanine-DNA methyltransferase (offi -
cial symbol MGMT) is a DNA repair gene located 
on chromosome 10q26. The MGMT gene codes 
for a DNA repair protein that transfers the alkyl 

group at the  O -6 position (an important site of 
DNA alkylation) to a cysteine residue within the 
catalytic site of the enzyme, consequently con-
suming the MGMT protein. The ability of 
MGMT to repair the DNA damage caused by 
alkylating agents renders tumor cells with high 
levels of MGMT less susceptible to the therapeu-
tic effects of this chemotherapeutic class. 
Methylation of the MGMT promoter silences the 
gene and renders cells more susceptible to irrep-
arable DNA damage. Promoter methylation and 
consequent epigenetic silencing of MGMT asso-
ciated with longer survival in patients with glio-
blastoma who receive alkylating agents [ 11 ,  12 ]. 
This benefi t is particularly pronounced in 
patients of advanced age, as these patients may 
benefi t from temozolomide therapy alone (typi-
cal therapy combines chemotherapy with radio-
therapy) [ 13 ,  14 ]. 

 Several methods are currently employed to 
evaluate the methylation status of the MGMT 
promoter region [ 15 ,  16 ]. 

 MGMT methylation status can be measured in 
many ways, including assessment of DNA, RNA, 
or protein expression. With regard to DNA, most 
of the techniques employed in assessing MGMT 
promoter methylation status rely upon the differ-
ential behavior of 5-methylcytosine and cytosine 
following treatment with bisulfi te: unmethylated 

  Fig. 15.1    ( a ) IDH1R132H mutant-specifi c antibody 
shows diffuse staining in an anaplastic astrocytoma (×400 
magnifi cation). ( b ) The mutant-specifi c antibody can be 
of considerable diagnostic utility in cases of infi ltrating 

low-grade glioma (especially in needle biopsies) where 
the stain can highlight rare infi ltrating neoplastic cells 
(×630 magnifi cation)       
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cytosine is converted to uracil, while methylated 
cytosine is not. Methylation sites typically 
involve CpG dinucleotides or CpG islands (CPI). 
Unmethylated cytosines consequently appear as 
T and methylated cytosines as C in the conse-
quent sequences. Methylation-specifi c PCR 
(MSP) is currently the most commonly employed 
method to determine MGMT promoter methyla-
tion status and was the method employed in the 
original study which established the survival ben-
efi t associated with this alteration [ 11 ] (Fig.  15.2 ). 
This study and several subsequent reports have 
described the diffi culties encountered when using 
MSP in formalin-fi xed paraffi n-embedded 
(FFPE) materials [ 17 ], though nested PCR meth-
ods have improved the sensitivity [ 12 ]. The sub-
jectivity of reading the gel has also been cited as 
a limitation of this technique [ 18 ]. Manifold 
other bisulfi te-dependent methods have been 
characterized and published:
•     MethyLight is a fl uorescence-based real-time 

PCR assay that does not require visualization 
on a gel [ 19 ]; while RT-PCR-based methods 

have been shown to have high concordance 
with MSP [ 20 ], recent studies have shown 
lower sensitivity than MSP in some cases of 
glioblastoma [ 18 ].  

•   Pyrosequencing offers the advantage of pro-
viding information about individual CpG 
positions and is a robust method of assessing 
MGMT status [ 15 ,  18 ]; however, the tech-
nology is not currently available in most 
laboratories.  

•   Combined bisulfi te restriction analysis 
(COBRA) employs restriction endonucleases 
to cut genomic DNA to produce different frag-
ment lengths based on the methylation status, 
and robust techniques have been developed to 
employ this technique [ 15 ].  

•   Methylation-sensitive high-resolution melting 
protocols, relying on the different melting 
points of methylated and non-methylated PCR 
bisulfi te-modifi ed PCR products, has also 
been shown to be a specifi c test for MGMT 
promoter methylation status, though the sensi-
tivity may be lower than MSP and other 
 methods [ 18 ].  

•   A method employing primer extension and 
high-performance liquid chromatography 
(SIRPH) [ 15 ] has also been developed, though 
this method ends up basing the assessment of 
promoter methylation on the basis of only one 
CpG position.    
 Methylation-specifi c multiplex ligation- 

dependent probe amplifi cation (MS-MLPA) is 
somewhat unique in that it avoids the bisulfi te con-
version step. In this method, the methylation- 
specifi c probe contains a methylation-sensitive 
restriction site. The sample is split and one-half is 
subjected to a single ligation step, while the second 
is also subjected to the methylation-specifi c diges-
tion. Both samples are amplifi ed with PCR, and 
comparing the subsequent peak ratios of the frag-
ment analysis generates the methylation ratio [ 21 ]. 

 Bead methylation arrays (Illumina), also a 
bisulfi te-dependent method, have been used to 
determine the methylation status of up to several 
thousand CpG sites in brain tumors (including 
assessment of the MGMT promoter). Studies 
employing this technique have also demonstrated 
the expected correlation between MGMT meth-
ylation status and outcome [ 22 ]. 

  Fig. 15.2    Nested methylation-specifi c PCR for the 
MGMT promoter. Lane 1: MGMT promoter methylated 
sample (Sample 1) with unmethylated primers. Lane 2: 
Sample 1 with methylation-specifi c primers (showing 
methylation of the MGMT promoter). Lane 3: MGMT 
promoter non-methylated sample (Sample 2) with 
unmethylated primers. Lane 4: Sample 2 with methylation- 
specifi c primers (showing no evidence of methylation of 
the MGMT promoter). Lane 5: 100 base-pair ladder. Lane 
6: Unmethylated MGMT promoter control DNA with 
unmethylated primers. Lane 7: Unmethylated MGMT 
promoter control DNA with methylated primers (showing 
no reaction product). Lane 8: Methylated MGMT pro-
moter control DNA with unmethylated primers (admixed 
normal tissue shows amplifi cation product). Lane 9: 
Methylated MGMT promoter control DNA with methyl-
ated primers (showing amplifi cation product). Lane 10: 
Water control with unmethylated primers. Lane 11: Water 
control with methylated primers. Image courtesy of 
Catherine Fen Li, M.D., Ph.D. and Sharon Bauer, M.Sc.       
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 The reliability of immunohistochemical staining 
for MGMT is controversial, and while some 
studies have shown association between protein 
expression and survival [ 23 ], several studies have 
not shown concordance between protein expres-
sion and methylation studies, while other studies 
have shown no association between survival and 
MGMT protein expression. Many groups con-
sider immunohistochemistry unsuitable for clini-
cal use at this time [ 16 ,  21 ]. As with any 
immunohistochemical test, diffi culties include 
standardization of antibodies and protocols, as 
well as interobserver variability and establishing 
cutoff values.  

    1p/19q 

 The discovery of the co-deletion of chromosomes 
1p and 19q [ 24 – 26 ] in oligodendrogliomas could 
perhaps be credited with ushering oncologic neuro-
pathology into the molecular era. The loss of 
1p/19q occurs as the consequence of an unbalanced 
translocation between chromosome 1 and chromo-
some 19 [t(1;19)(q10;p10)] [ 27 ]. More recently, 
next-generation sequencing studies have identifi ed 
concurrent mutations on the remaining 19q in the 
CIC gene and FUBP1 on the remaining 1p [ 28 ,  29 ]. 
Nearly all 1p/19q co- deleted oligodendrogliomas 
are also mutated on IDH1 or IDH2 [ 30 ]. 

 The survival benefi t associated with this 
genetic alteration [ 31 ] made the molecular test-
ing of oligodendrogliomas of unquestionable 
importance, and this testing became the fi rst 
widely adopted molecular assay in a primary 
brain tumor. Recently, the European Organisation 
for Research and Treatment of Cancer 26951 trial 
also established a clinical survival benefi t for 
patients treated with radiation specifi cally in 
patients with 1p/19q co-deletion [ 32 ]. 

 Given the importance of assessing the 1p/19q 
status of a tumor, as is the case with regard to 
MGMT, many methods of assessing for this sig-
nature chromosomal alteration have been devel-
oped. Fluorescence in situ hybridization is the 
most commonly employed of these methods as 
most laboratories have the equipment necessary 
to perform this assay. Protocols to evaluate for 

1p/19q co-deletion (including reliable probes) 
are well established and widely used [ 33 – 35 ] 
(Fig.  15.3 ).

   Several PCR-based methods for testing for 
loss of heterozygosity (LOH) have been described 
which work with FFPE material [ 36 ,  37 ]. 

 Comparative genomic hybridization, a tech-
nique particularly well suited to evaluate for chro-
mosomal alterations, was originally used in the 
research setting [ 38 ] but was quickly validated in 
the clinical setting in FFPE material [ 39 ]. 

 Multiplex ligation-dependent probe amplifi ca-
tion is a comparatively newer technique in which 
as many as 40 loci can be evaluated. This method 
has also been established as a reliable and sensitive 
method to evaluate for 1p19q co-deletion [ 40 ]. 

 Many other existing molecular techniques can 
be adapted to assess for copy number alterations, 
notably SNP chip arrays [ 41 ] and next-generation 
sequencing [ 42 ].  

    BRAF 

 BRAF (offi cial name: v-raf murine sarcoma viral 
oncogene homolog B1) is located on chromo-
some 7q34. This gene belongs to the raf family of 
serine/threonine kinases and plays a role in mod-
ulating MAP kinase and extracellular signal- 
related kinases and plays a role in cell division 
and differentiation. 

 BRAF plays a role in multiple tumors of the 
central nervous system (CNS) but does so in two 
distinct and mutually exclusive fashions: V600E 
mutation and tandem duplication resulting in a 
novel fusion product. 

    BRAF Mutation 
 BRAF mutations have been implicated in many 
types of neoplasms including non-Hodgkin lym-
phoma, colorectal cancer, thyroid carcinoma, 
pulmonary adenocarcinoma, and notably malig-
nant cutaneous melanoma, in which BRAF is 
mutated in approximately 50 % of cases. The 
V600E mutation involves the substitution of 
 glutamic acid for valine at amino acid 600. This 
particular mutation is responsible for the vast 
majority of oncogenic BRAF mutations and to 
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date is the only BRAF mutation known as an 
agent of CNS tumor genesis. 

 A large study of 1,320 brain tumors identifi ed 
a subset of tumors with high BRAF mutation fre-
quency, notably pleomorphic xanthoastrocytoma 
(PXA), ganglioglioma, extra-cerebellar pilocytic 
astrocytoma [ 43 ], and pediatric low-grade astro-
cytoma [ 44 ]. 

 PXA and ganglioglioma are both malignan-
cies more frequent in younger patients with peak 
incidence in the second and third decades of life 
[ 45 ]. The morphology of these tumors frequently 
overlaps, and indeed the composite PXA- 
ganglioglioma is well described [ 46 ]. The study 
also took care to note that the BRAF-mutated 
pilocytic astrocytomas typically occurred in the 
diencephalon and were seen in only 1/53 (2 %) of 
cerebellar cases. 

 As noted in the section devoted to IDH muta-
tion, pediatric low-grade astrocytomas appear to 
be distinct from their adult counterparts at the 
molecular level. IDH mutations, common in 
adult low-grade astrocytomas, are not present in 
pediatric low-grade astrocytoma. Conversely, 
BRAF mutation is frequently seen in pediatric 
astrocytomas [ 44 ]. 

 Testing for the BRAFV600E mutation has tra-
ditionally been carried out with PCR and Sanger 
sequencing, but recently a monoclonal antibody 
has been developed against the V600E mutant 
protein [ 47 ]. Published reports suggest this anti-
body is both sensitive and specifi c with high con-
cordance when compared to sequencing results 
(97.1 %) [ 48 ]. It is expected that this antibody 
will be made widely available by the time this 
chapter is published. 

  Fig. 15.3    Fluorescence in situ hybridization performed 
on an oligodendroglioma shows ( a ) only one  orange sig-
nal  for 1p36 and two  green signals  for 1q25 ( arrowhead ) 
and ( b ) one  orange signal  for 19q13 and two  green sig-

nals  for 19p13 ( arrowhead ). The same test on a glioma 
with no evidence of co-deletion for 1p ( c ) or 19q ( d ). All 
images at ×1,000 magnifi cation. Image courtesy of 
Catherine Fen Li, M.D., Ph.D. and Sharon Bauer, M.Sc.       
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 Our understanding of BRAF V600E mutation 
is perhaps made more important by vemurafenib 
(brand name: Zelboraf). This oral medication is a 
potent BRAF kinase inhibitor that inhibits tumor 
growth by inhibiting kinase activity of mutated 
forms of BRAF, including the V600E mutation. 
The drug does not have activity against cells with 
wild-type BRAF. This drug is currently employed 
in the treatment of patients with malignant mela-
noma with BRAF mutation. It is already being 
employed in patients with metastatic melanoma 
to the CNS. It is likely that the number of 
 metastatic lesions with BRAF mutations treated 
with vemurafenib will expand in the coming 
years. The effectiveness of this treatment in pri-
mary neoplasms of the CNS has yet to be charac-
terized, though trials in pediatric glioma are 
under way [ 49 ].  

    BRAF Tandem Duplication/Fusion 
 BRAF has also been implicated in the pathogen-
esis of pilocytic astrocytoma. Pilocytic astrocyto-
mas are associated with neurofi bromatosis type 1 
(and associated loss of the NF1 gene neurofi bro-
min 1, 17q11.2). In patients with NF1, these 
tumors frequently involve the optic nerve. The 
majority of pilocytic astrocytomas involving the 
posterior fossa show no evidence of NF1 altera-
tions [ 50 ]. More sensitive methods identifi ed 
gains of chromosome 17q34 involving the BRAF 
gene [ 51 ]. This alteration was accompanied by 
increased MEK-ERK signaling. The specifi c 
rearrangement involves a tandem duplication of 
the BRAF gene with an in-frame fusion with 
KIAA1549 resulting in a novel fusion gene [ 52 ]. 
This rearrangement is most common in pilocytic 
astrocytomas arising in the posterior fossa [ 53 ]. 
The BRAF status does not appear to alter the 
behavior of pilocytic astrocytomas when adjusted 
with the site of origin, with cerebellar and super-
fi cial cortical tumors behaving more favorably 
(likely due to comparative facility of surgical 
resection) [ 54 ]. 

 Several methods are employed to assess for 
the BRAF tandem duplication/fusion product. 
Fluorescence in situ hybridization using a fusion 
probe is a sensitive and specifi c method for 
 evaluating for this genetic alteration (Fig.  15.3 ) [ 55 ]. 

A robust RT-PCR-based method suitable for use 
in FFPE tissue has also been described [ 56 ]. The 
presence of this fusion is highly specifi c for a 
diagnosis of pilocytic astrocytoma.   

    EGFR 

 Epidermal growth factor receptor is a cell surface 
protein kinase that binds epidermal growth factor. 
Mutations in EGFR are well characterized and are 
covered in the chapter on molecular oncology of 
pulmonary neoplasms. EGFR is the most com-
monly amplifi ed gene in glioblastoma and occurs 
in more than a third of cases of glioblastoma [ 57 ]. 
EGFR amplifi cation, which typically occurs as 
double-minute extrachromosomal elements, is 
more common in primary glioblastoma as opposed 
to secondary tumors [ 58 ]. EGFR participates in 
the phosphatase and tensin homologue (PTEN)/
Akt/MTOR pathway—an important driver of gli-
oma-genesis. The small cell variant of glioblas-
toma in particular has a high frequency of EGFR 
amplifi cation [ 59 ]. Given the diagnostic challenge 
occasionally posed by this unusual morphologic 
variant (notably with anaplastic oligodendrogli-
oma), assessing EGFR amplifi cation status may 
serve a role in diagnostic classifi cation. EGFR 
amplifi cation is easily assessed by fl uorescence in 
situ hybridization. Roche has recently released a 
probe for EGFR and chromosome 7 suitable for 
evaluation for EGFR amplifi cation by dual in situ 
hybridization (DISH) suitable for interpretation 
with brightfi eld microscopy [ 60 ]. The expected 
result should appear similar to the Her2/neu chro-
mosome 17 assay which is FDA and Health 
Canada approved for the evaluation of Her2/neu 
amplifi cation (Fig.  15.4 ).

   EGFR vIII is the most common mutant variant 
of EGFR in glioblastoma, and more than half of 
EGFR amplifi ed tumors show amplifi cation of 
this variant [ 61 ], which is marked by an in-frame 
deletion of amino acid residues 6 through 273 of 
the extracellular domain of the EGFR protein 
[ 62 ]. This variant protein presents a unique 
opportunity for targeted immunotherapy, and an 
antibody was developed against the mutant pro-
tein [ 62 ,  63 ]. A variant-specifi c peptide vaccine 
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was also developed, and phase I and phase II trials 
were completed with positive results [ 64 ]. 
Recently, an EGFRvIII-specifi c recombinant 
antibody has been developed which, in addition 
to possibly having therapeutic uses, is suitable 
for diagnostic use in FFPE tissue [ 65 ].  

    TP53 

 TP53 is a tumor suppressor protein of crucial 
importance. As in so many other organ systems, 
mutations of the TP53 are well characterized in 
tumors of the CNS. In astrocytic tumors, muta-
tions in TP53 occur more frequently in low-grade 
astrocytomas and secondary glioblastoma (>60 %) 
than in primary glioblastoma (<30 %) [ 66 ]. 
Mutations in TP53 are particularly common in the 
gemistocytic variant of diffuse astrocytoma (which 
also carries comparatively increased risk for pro-
gression to anaplastic astrocytoma and secondary 
glioblastoma) [ 45 ]. The giant-cell variant of glio-
blastoma, characterized by an abundance of large, 
multinucleated cells, is also characterized by fre-
quent TP53 mutations in as many as 90 % of cases. 

 The determination of a tumor’s p53 status is 
most commonly assessed with immunohisto-
chemistry. This technique is easy and inexpen-
sive, but the testing conditions as well as the 
interpretation of this test can vary from labora-
tory to laboratory [ 67 ]. Varying  methods have 

been proposed for interpreting p53 immunostains 
[ 68 ]. Some laboratories employ a four-category 
semiquantitative scale: no staining, 0; strong 
focal staining in <10 % of cells, 1+; strong stain-
ing in 10–50 % of cells or weak staining of >50 % 
of cells, 2+; and strong staining in >50 % of cells, 
3+ [ 69 ]. Strong arguments have been suggesting 
a three-category scoring system: abnormal, no 
staining; abnormal, moderate to strong staining 
in >50 % of tumor cells; and normal, moderate to 
strong staining in <50 % of tumor cells [ 70 ]. This 
scoring system has the added advantage of iden-
tifying tumors with a homozygous deletion or 
null mutations.  

    MDM2 

 MDM2 participates in the p53 pathway. p53 
induces MDM2 expression which in turn inhibits 
p53 transcriptional activity. MDM2 also oligo-
merizes with MDMX and acts as an E3 ubiquitin 
ligase complex, targeting MDM2 and p53 for 
proteasome degradation [ 71 ]. Several studies 
have used immunohistochemistry to evaluate for 
possible MDM2 amplifi cation [ 72 ]. Fluorescence 
in situ hybridization is more specifi c and more 
sensitive for MDM2 amplifi cation [ 73 ], and 
Health Canada-approved probes have been 
released for assessment with brightfi eld in situ 
hybridization [ 74 ]. Nonetheless, while such test-
ing is commonly employed for soft-tissue tumors 
[ 75 ], this testing is not routinely performed in 
glioblastoma. A DISH probe is also available for 
use with brightfi eld microscopy.  

    Other Chromosomal Alterations 
in Glioblastoma 

 Several other chromosomal alterations are well 
documented in glioblastoma. Loss of chromo-
some 10q is the most common of these altera-
tions, present in more than 60 % of glioblastoma 
cases [ 66 ,  76 ]. Isolated LOH of 22q, 1p, and 19q 
is also well described—the awareness of the lat-
ter is important as these deletions can be identi-
fi ed as a consequence of FISH analysis for 1p/19q 
co-deletion in oligodendroglioma.  

  Fig. 15.4    Fluorescence in situ hybridization on a case of 
pilocytic astrocytoma showing duplication of BRAF with 
fusion with KIAA1549 resulting in a  yellow signal  [arrow] 
(×1,000 magnifi cation). Image courtesy of Catherine Fen 
Li, M.D., Ph.D. and Sharon Bauer, M.Sc.       
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    PTEN 

 PTEN suppresses the PI3K-AKT-mTOR pathway 
resulting in cell proliferation and survival [ 77 ]. 
Patients with germline mutations of PTEN are at 
increased risk for developing breast, thyroid, and 
endometrial cancer. PTEN is mutated in approxi-
mately 25 % of glioblastomas with the vast major-
ity of cases consisting of secondary rather than 
primary glioblastomas [ 78 ]. PTEN has also been 
implicated in adult-onset Lhermitte- Duclos (dys-
plastic gangliocytoma of the cerebellum) [ 79 ]. 
The assessment of PTEN mutational status is 
typically performed with traditional sequencing. 
The mechanism in Lhermitte-Duclos disease is 
typically LOH for the non-mutated allele.  

    MYC/MYCN 

 A variant of malignant glioma with areas resem-
bling primitive neuroectodermal tumors (PNETs) 
has recently been identifi ed [ 80 ]. These tumors 
frequently show MYC or MYCN amplifi cation 
in the PNET component. Amplifi cation for 
MYC/MYCN can be performed in most labora-
tories by FISH (Fig.  15.5 ), but probes for dual- 
ISH are also available [ 81 ].

        Molecular Alterations in Embryonal 
Tumors of the CNS 

    Medulloblastoma 

 Medulloblastoma is the most common malignant 
primary brain tumor in children [ 82 ]. The 2007 
WHO classifi ed medulloblastoma into classical 
medulloblastoma and four morphologic variants. 
Two of these variants, desmoplastic/nodular and 
medulloblastoma with excessive nodularity, are 
associated with a favorable prognosis, while the 
other two variants, anaplastic and large cell, were 
associated with poorer outcomes [ 45 ]. Some of 
the well-characterized genetic alterations were 
known to be enriched in the morphologic vari-
ants. Notably, tumors with amplifi cation of MYC 
and MYCN were associated with the anaplastic 
and large-cell variants and poor outcomes [ 83 ]. 
Alterations in the PTCH gene, with consequent 
dysregulation of the Hedgehog/Sonic Hedgehog 
(SHH) pathway, were enriched in cases of des-
moplastic/nodular variant [ 84 ]. Turcot syndrome 
describes patients with familial adenomatous 
polyposis syndrome who also develop medullo-
blastoma. The APC/CTNNB1 (β-catenin)/
AXINI1/2 mutations in these patients disrupt the 
Wnt pathway and allow for nuclear localization 
of β-catenin with subsequent altered regulation 
of downstream targets. Consequently, immuno-
histochemistry for β-catenin (CTNNB1) can be 
used to identify some of the tumors driven by 
Wnt pathway signaling alterations [ 85 ]. 

 Children diagnosed with brain tumors in 
infancy are at risk for developing delays in skills 
related to daily living, socialization, and cogni-
tion [ 86 ]. Given the heterogenous outcomes for 
patients diagnosed with medulloblastoma, 
recent studies have aimed to identify an out-
come-based classifi cation scheme that may per-
mit oncologist to use aggressive therapy only in 
cases of biologically aggressive tumors. Several 
large studies evaluating gene expression and 
copy number alterations have suggested revising 
the classifi cation into four categories based on 
the molecular signature of the tumor [ 87 ,  88 ]. 

  Fig. 15.5    Fluorescence in situ hybridization on a glioblas-
toma with primitive neuroectodermal tumor (PNET) com-
ponent. In the areas with the PNET morphology, there is 
amplifi cation of MYC ( red signals ) (×1,000 magnifi cation). 
Image courtesy of Catherine Fen Li, M.D., Ph.D. and 
Sharon Bauer, M.Sc.       
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These studies identifi ed four distinct groups of 
medulloblastoma that relate in part to the afore-
mentioned subgroups: Wnt, SHH, group 3, and 
group 4. Mutations in exon 3 of CTNNB1 were 
identifi ed in 89 % of Wnt pathway tumors. 
Amplifi cations of GLI2 and deletions of PTCH1 
were common in SHH tumors. MYCN was fre-
quently amplifi ed in SHH tumors, but this amplifi -
cation was also seen in non-SHH tumors. Group 3 
was marked most signifi cantly by amplifi cations 
in MYC and group 4 by MYCN amplifi cation. 
Several papers have advanced immunohistochem-
ical methods for classifying FFPE material of 
medulloblastoma into this recently proposed 
molecular classifi cation, with β-catenin and DKK1 
for Wnt tumors, GAB1 and SFRP1 for SHH 
tumors, negative staining for YAP1 and fi lamin 
A in non- SSH/Wnt tumors, or alternately positive 
staining for NPR3 in group 3 tumors/positive 
staining for KCNA1 in group 4 tumors [ 87 ,  89 ].  

    SMARCB1 (INI-1) 

 SMARCB1 (also widely known in the pathology 
community as INI1 and BAF47) is a tumor sup-
pressor gene located on chromosome 22. 
Germline mutations in SMARCB1 have been 
identifi ed in nearly one-third of patients diag-
nosed with atypical teratoid rhabdoid tumors 
(ATRT) [ 45 ]. The loss of nuclear labeling for 
SMARCB1 by immunohistochemistry is 
extremely helpful in the diagnosis of ATRT, 
which previously required staining for EMA, 
GFAP, and smooth muscle actin [ 90 ]. The preser-
vation in blood vessels and normal tissue nuclei 
serves as a valuable internal control when evalu-
ating this immunohistochemical stain. 

 Though initially thought to be specifi c for 
ATRT in the CNS, SMARCB1 loss has been 
described in several entities. The recently described 
cribriform neuroepithelial tumor (CRINET) also 
features a loss of nuclear expression for 
SMARCB1. Unlike ATRT, CRINET is associated 
with a favorable prognosis [ 91 ]. FISH can also be 
employed to show LOH for SMARCB1 [ 92 ]. 
There is some controversy over whether choroid 

plexus carcinomas can lose SMARCB1 expression, 
but some authors suggest that SMARCB1 expres-
sion loss in tumors that resemble choroid plexus 
carcinoma should be classifi ed as ATRT [ 93 ]. 
Other tumors known to lack SMARCB1 nuclear 
positivity include poorly differentiated chordomas 
[ 94 ] and epithelioid malignant peripheral nerve 
sheath tumors [ 95 ]. Mutations in SMARCB1 have 
also been identifi ed in familial schwannomatosis 
[ 96 ]; a mosaic pattern of SMARCB1 expression 
has also been identifi ed in the schwannomas of 
these patients [ 97 ].   

    Paradigm Shift in Diagnostic 
Neuropathology 

 The reigning dogma in neuropathology has been 
to privilege morphology above molecular informa-
tion about a tumor. The importance of morphologic 
assessment cannot be underestimated, as 
 (discussed earlier in this chapter) identical molec-
ular alterations (e.g., BRAFV600E mutation) can 
be seen in tumors with distinct morphology and 
clinical behavior. The current era has afforded 
neuropathologists the opportunity to debate the 
meaning (or even existence) of tumors such as 
the p53 mutant 1p19q wild-type oligoastrocy-
toma. Nonetheless, the neuro-oncologic neuro-
pathologic community may have reached a 
tipping point in which the molecular information 
about a neoplasm is considered of parallel impor-
tance. The identifi cation of a NAB2-STAT6 
fusion in solitary fi brous tumor (SFT) [ 98 ] led 
within only months to the verifi cation of similar 
fusion products in hemangiopericytoma of the 
CNS [ 99 ] (which, unlike in the soft-tissue oncol-
ogy community, was considered by many neuro-
pathologists to be distinct from SFT). These 
recent discoveries have provided insight into the 
relationship between these entities and have 
immediately suggested a reevaluation of prior 
classifi cations. With the pace of discoveries 
quickening, the current era may be one in which 
the molecular alterations of a tumor are consid-
ered of tantamount importance to the histoge-
netic morphologic information.     
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Renal cell carcinoma (RCC) is the most common 
neoplasm of the adult kidney. It is a heterogenous 
disease of multiple subtypes. Clear cell renal cell 
carcinoma (ccRCC) is the most common subtype 
which accounts for approximately 80 % of all 
adult renal cancers followed by the papillary sub-
type (pRCC, 10–15 %) and less common sub-
types including chromophobe RCC (chRCC, 5 %), 
medullary RCC, collecting duct carcinoma 
(CDC), and translocation carcinomas, among 
others.

 Familial Kidney Cancer Syndromes

 1. von Hippel-Lindau (VHL) Disease
VHL disease is characterized by autosomal 

dominant germ-line mutations of the VHL tumor 
suppressor gene on 3p25. It is most frequently 
associated with retinal and central nervous sys-
tem haemangioblastomas, ccRCC, pheochromo-
cytoma, and pancreatic islet tumors [1]. 
Approximately 75 % of patients with VHL disease 

develop ccRCC by age 60, which is a leading 
cause of death among these patients [2].

Distinct genotype-phenotype correlations 
have allowed for the classification of two clini-
cal types of VHL disease based on the absence 
(type 1) or presence (type 2) of pheochromocy-
toma. Type 1 is more common (30–40 %) and is 
associated with VHL germ-line exon deletions or 
truncating mutations and the risk of developing 
RCC. Type 2 patients, on the other hand, harbor 
missense mutations of VHL which range from 
having no effect to complete functional loss of 
VHL protein (pVHL) [3]. There is also evidence 
to suggest that a specific subgroup of type 1 
patients who have a contiguous deletion of all or 
part of VHL and the adjacent C3orf10 (HSPC300) 
gene have lower risk of RCC (proposed type 1B) 
[4–6]. Type 2 disease is further subdivided into 
three subtypes: type 2A (low risk of RCC), type 
2B (high risk of RCC), and type 2C (pheochro-
mocytoma only) [3]. Type 2A patients are asso-
ciated with missense mutations that impact 
pVHL target interactions with hypoxia-inducible 
factor (HIF), elongin B, and elongin C. Type 2B 
patients are associated with missense mutations 
that lead to severe destabilization of pVHL. 
Type 2C patients are associated with VHL mis-
sense mutations that retain comparable wild-
type pVHL function [3, 7, 8]. There was no 
significant association between VHL mutation 
type and prognosis [7, 9].
 2. Hereditary Papillary RCC

Hereditary papillary RCC is characterized by 
autosomal dominant germ-line activating mutations 
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of the  MET  proto-oncogene, located on 7q31. 
Individuals with this syndrome are at risk of 
developing bilateral, multifocal, type 1 pRCC. 
Approximately 30 % of  MET  carriers develop 
renal cancer by age 50 [ 10 ].
    3.    Birt-Hogg-Dubé (BHD) Syndrome    

  BHD syndrome is characterized by autosomal 
dominant germ-line mutations of the  BHD  tumor 
suppressor gene, also known as folliculin 
( FLCN ), located on 17p11.2.  BHD  plays a role in 
the 5′ AMP-activated protein kinase (AMPK) 
and mammalian target of rapamycin (mTOR) 
signaling pathways. The syndrome is associated 
with high risk of developing cutaneous fi brofol-
liculomas, pulmonary cysts, spontaneous pneu-
mothorax, and bilateral, multifocal RCC [ 11 ]. 
Chromophobe and hybrid oncocytic RCCs are 
more commonly associated with BHD syndrome 
patients [ 12 ].
    4.    Hereditary Leiomyomatosis/RCC (HLRCC) 

Syndrome    
  This syndrome is characterized by autosomal 

dominant germ-line mutations of the fumarate 
hydratase ( FH ) tumor suppressor gene, located 
on 1q42.1. It is characterized by cutaneous leio-
myoma, uterine fi broid, and/or kidney cancer 
manifestations [ 13 ]. Renal tumors have been 
observed in approximately one third of HLRCC 
families and tend to manifest as solitary renal 
lesions; however, bilateral and multifocal RCC 
cases have been reported [ 14 ].
    5.    Tuberous Sclerosis Complex (TSC)    

  TSC has been linked to germ-line inactivating 
mutations of either of  TSC1  (9q34) encoding 
hamartin or  TSC2  (16p13.3) encoding tuberin, and 
affected patients have an increased risk of devel-
oping renal tumors including clear cell RCC, pap-
illary RCC, and chromophobe RCC [ 15 ].  

    Genetic Alteration in Renal Cell 
Carcinoma 

    Chromosomal Aberrations 

    Benign Kidney Tumors 
 Renal oncocytomas have been reported to have 
either rearrangements or translocations involving 
chromosome 11q13 or partial or complete losses 

of chromosomes 1 and 14 and/or a sex chromosome. 
Chromosome 3p loss is not detectable in oncocy-
toma. Because of the frequent association between 
oncocytomas and chromosome 1p alterations, the 
loss of a tumor suppressor gene residing on chro-
mosome 1p has been proposed as an early genetic 
event associated with the development of renal 
oncocytoma. Oncocytomas have also been shown 
to exhibit microsatellite instabilities and altera-
tions in mitochondrial DNA. 

 In angiomyolipoma, frequent imbalances are 
losses on chromosomes 19, 16p, 17p, 1p, and 18p 
and gains on chromosomes X, 12q, 3q, 5, and 2q. 
The frequent deletion of 16p in which TSC2 gene 
is located indicates the oncogenetic relationship 
of PEComas with angiomyolipoma as a TSC2- 
linked neoplasm [ 16 ].  

    Malignant Tumors 
  Chromophobe cell carcinoma : Frequent losses of 
chromosomes 1, 2, Y, 6, 10, 13, 17, and 21 and 
gains of chromosomes 4, 7, 11, 12, 14q, and 18q 
are observed. At the molecular level, the associa-
tion between loss of chromosome 17 and muta-
tion of the p53 tumor suppressor gene is reported 
in 27 % of cases [ 17 ]. It is noteworthy that there 
are no apparent overlapping genetic alterations 
shared by eosinophilic chromophobe RCC and 
oncocytoma, despite their morphologic similari-
ties. Other genetic alterations include −5q22, 
−8p, −9p23, and −18q22. 

  Clear cell renal cell carcinoma : 3p deletion (LOH 
3p) is the most typical genetic abnormality of 
ccRCC. In addition to VHL, recent data suggest 
the presence of other putative tumor suppressor 
genes at the 3p region, such as  RASSF1A  and 
 SETD2  located on 3p21 and  NRC - 1  on 3p12 [ 18 , 
 19 ]. Recent analyses have revealed peak deletions, 
specifi cally targeting  VHL  (3p25) and CDKN2A 
and CDKN2B (9p21), and peak amplifi cations of 
MYC (8q24) in subsets of ccRCC [ 20 ]. Studies 
suggested the accumulation of additional genetic 
alterations during the process of tumor progression 
and metastasis [ 21 – 25 ]. Metastasis was found to 
be associated with losses of 3p, 8p, 9p, and 13q 
and gains of 17q and Xq. Also, a correlation was 
observed between metastasis and increase in the 
copy number of genes located at 1q [ 22 ]. 
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Other genetic alterations include +5q22, −6q, 
−8p12, −9p21, −9q22, −10q, and −14q. 

  Papillary renal cell carcinoma : This subtype is 
not commonly associated with 3p deletions but 
rather with trisomies of chromosomes 7, 8, 12, 
16, 17, and 20 and loss of Y. These most consis-
tent genetic abnormalities are present in both 
solitary and multifocal papillary RCCs, and they 
occur early in the evolution of this neoplasm 
[ 26 ,  27 ]. Some authors have suggested genetic 
differences between types; type 1 papillary RCC 
cases seem to have a signifi cantly higher fre-
quency of allelic imbalance on 17q than type 2 
cases, and type 2 cases have a higher frequency 
of allelic imbalance on 9p than type 1 cases 
[ 28 ,  29 ]. Other genetic alterations include +3q, 
+8, −921, +12, −14q, +16, +17q21, and +20. 

  Translocation carcinomas : A breakpoint at Xp11, 
which harbors the transcription factor E3 ( TFE3 ) 
gene, can result in subsequent fusion of  TFE3  
with several partners depending on the exact 
translocation. Four distinct recipients have been 
identifi ed:  PRCC  (1q21),  PSF  (1p34),  ASPL  
(17q25), and  NonO  (Xq12) [ 30 – 33 ]. 

  Other subtypes : The most constant change in col-
lecting duct carcinoma (CDC) is 1q32 deletion. Loss 
of chromosome 3p including the  VHL  gene is not 
common in CDC. Some studies have described that 
activation of vascular endothelial growth factor 
(VEGF) signaling, which is analogous to the clear 
cell RCC hypoxia pathway, may be related to renal 
medullary carcinoma. Mucinous tubular and spindle 
cell carcinoma shows genetic alterations including 
−8p, −9p, −11q, +12q,+16q, +17, and +20q [ 34 ].   

    Genome-Wide Association Studies 
(GWAS) and Susceptibility to RCC 

 Three genetic susceptibility loci have been found 
to be associated with the risk of RCC [ 35 ,  36 ]. In 
individuals of European descent, genetic loci on 
2p21, 11q13.3, and 12p11.23 were identifi ed. 
Three variants map to the endothelial PAS 
domain protein 1 (EPAS1) gene on 2p21, which 
encodes hypoxia-inducible factor-2a (HIF2α). 

Two of these variants were also associated with 
former and current smokers, but not in never 
smokers, suggesting the effect of EPAS1 is 
dependent on tobacco smoking [ 35 ,  36 ]. The 
third variant is associated with VHL [ 35 ]. 

 The locus on 11q13.3 is signifi cantly associated 
with reduced risk of RCC, especially among nor-
mal-weight never smokers and nondrinkers in the 
Chinese population [ 37 ]. Two variants on 12p11.23 
map to the ITPR2 gene [ 36 ]; one of them is also 
associated with waist-hip ratio phenotype, sug-
gesting a genetic link between obesity and RCC 
risk [ 38 ]. A recent study [ 39 ] observed VHL germ-
line variants were associated with a higher risk of 
VHL inactivation via promoter hypermethylation 
compared to VHL mutation in sporadic ccRCC, 
suggesting the utility of genetic polymorphisms as 
indicators of increased risk of epigenetic altera-
tions and cancer susceptibility [ 39 ].  

    Exome Sequencing Identifi es Novel 
Mutations in RCC 

 The Cancer Genome Project (CGP) recently con-
ducted exome sequencing of ccRCC that revealed 
novel recurrent mutations of the SWI/SNF chro-
matin remodeling complex gene, PBRM1 (41 %), 
and of genes encoding enzymes that methylate 
(SETD2, 3 %) or demethylate (JARID1C and 
UTX, 3 %) key lysine residues of histone H3 [ 18 , 
 40 ]. The CGP also identifi ed mutations of the 
tumor suppressor neurofi bromin 2 (NF2) in non- 
VHL mutated ccRCCs [ 18 ,  40 ]. 

 In addition to VHL, the PBRM1 and SETD2 
genes map to the frequently deleted 3p21 region, 
suggesting a link between frequent overlapping 
biallelic inactivation of these genes and ccRCC 
tumorigenesis [ 41 ]. An independent exome 
sequencing study confi rmed several mutations 
cataloged by the CGP and also identifi ed 12 addi-
tional mutations [ 42 ].  

    Epigenetics Changes 

 Recent data from the Cancer Genome Atlas 
(TCGA) showed a widespread DNA hypometh-
ylation in ccRCC that is associated with mutation 
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of the H3K36 methyltransferase SETD2, and 
integrative analysis suggested that mutations 
involving the SWI/SNF chromatin remodeling 
complex (PBRM1, ARID1A, SMARCA4) could 
have far-reaching effects on other pathways [ 43 ]. 

  CDKN2A  and  THBS - 1  genes seem to be hot 
spots of regional DNA hypermethylation during 
renal tumorigenesis. Other epigenetic changes 
include HAT hMOF which belongs to the MYST 
family and is believed to be responsible for his-
tone H4 acetylation. hMOF expression was fre-
quently downregulated in human RCC (>90 %) 
[ 44 ]. Downregulation of hMOF was detected in 
all types of RCCs, suggesting that hMOF might 
be a new common diagnostic marker for human 
different RCC. 

 Several classic tumor suppressor genes can be 
inactivated by hypermethylation as an alternative 
mechanism of silencing including VHL that 
hypermethylated in 10–15 % of ccRCC [ 45 ]. 
Promoter hypermethylation of p16INK4a is pres-
ent in 5–10 % of primary RCC [ 46 ]. Another can-
didate tumor suppressor gene is the Ras 
association domain family 1 gene (RASSF1A) 
which is methylated in 28–91 % of primary renal 
tumors [ 47 ,  48 ]. Two studies reported that the 
frequency of RASSF1A methylation is higher in 
papillary compared to ccRCC and is also found 
in chromophobe tumors [ 48 ]. FHIT hypermeth-
ylation has also been reported in 54 % of ccRCC 
[ 49 ]. This gene encompasses the common fragile 
site FRA3B on chromosome 3p, where 
carcinogen- induced damage can lead to translo-
cations and aberrant transcripts of this gene. 
HAI-2/SPINT2 encodes Kunitz-type protease 
inhibitor, which functions as a regulator of hepa-
tocyte growth factor (HGF) activity. Tumor sup-
pressor activity as well as inactivation by 
hypermethylation of SPINT2 has been identifi ed 
in both the clear cell (30 %) and papillary (40 %) 
subtypes of RCC [ 50 ].  

    miRNAs: A New Dimension in the 
Pathogenesis of RCC 

 Recently, a number of studies documented the dif-
ferential expression of miRNAs in kidney cancer 
[ 51 – 55 ]. White et al. [ 52 ] identifi ed 166 miRNAs 

that were signifi cantly dysregulated in ccRCC 
compared to normal kidney tissue. miR- 122, miR-
155, and miR-210 had the highest overexpression, 
while miR-200c, miRA-141, miR-335, and miR-
218 were the most downregulated. Evidence is 
accumulating regarding the involvement of miR-
NAs in RCC pathogenesis. A recent study showed 
an effect of the oncogenic miRNA cluster miR-17-
92 on tumor cell proliferation [ 56 ], and prelimi-
nary evidence showed that miRNAs can affect key 
molecules in the VHL-HIF-hypoxia pathway [ 57 , 
 58 ]. miRNAs have also been shown to be epige-
netically regulated in ccRCC. Vogt et al. [ 59 ] 
found that miR- 34 was methylated in 58 % cases 
while miR-34b/c was methylated in 100 % cases. 
The inactivation of miR-34a and miR-34b/c were 
concomitant in most cases. The proposed mecha-
nisms of miRNA involvement in RCC pathogene-
sis have been recently reviewed [ 60 ]. Recent 
evidence showed the diverse clinical uses of miR-
NAs in cancer as diagnostic, prognostic, and pre-
dictive markers [ 61 ].   

    Molecular Pathways of Renal Cell 
Carcinoma 

     1.     The VHL - HIF hypoxia pathway      
 VHL is a classic two-hit tumor suppressor 

gene. It has been shown that inactivation of the 
VHL gene is an early step in the development of 
ccRCC. The majority of ccRCC demonstrate 
either a mutation of the VHL gene or a down-
regulation of its protein product. The VHL pro-
tein product (pVHL) has an important role in 
cellular response to hypoxia. VHL inactivation 
leads to the stabilization of the hypoxia-inducible 
factors (HIFs) with subsequent activation of a 
number of downstream target proteins such as 
VEGF, platelet-derived growth factor (PDGF), 
transforming growth factor-alpha (TGFα), and 
transforming growth factor-beta (TGFB) [ 62 , 
 63 ]. A simplifi ed overview of the main events in 
ccRCC pathogenesis is shown in Fig.  16.1 .
     2.     The VEGFR pathway     

  Biallelic loss of VHL leads to upregulated 
transcription of growth factors such as VEGF, 
PDGF, and TGF-α. These factors bind to their 
respective tyrosine kinase receptors (VEGFR, 
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Fig. 16.1 A schematic outline of the pathogenesis of 
ccRCC. Inactivation of the VHL tumor suppressor gene 
plays a central role. While the functional VHL protein 
directs HIF-1α to the proteosome for degradation through 

hydroxylation, the inactive product allows HIF-1α dimer-
ization with HIF-1β, leading to the activation of multiple 
downstream pathways which promote cell growth and divi-
sion, including VEGF, PI3K, MAPK, and mTOR pathways

PDGFR, and EGFR) leading to downstream sig-
naling that results in increased cell proliferation, 
upregulated angiogenesis, and decreased apopto-
sis. Induction of the HIF pathway results in pro-
duction of VEGF, which is a key regulator of 
angiogenesis in vascular endothelial cells. VEGF 
initially interacts with VEGFR2 to promote 
endothelial cell proliferation, migration, and 

 vascular permeability and subsequently activates 
VEGFR1 to assist in the organization of new cap-
illaries [3, 64, 65].
 3. The Phosphatidylinositol-3-Kinase/Akt/mTOR 

pathway
Recent large-scale analysis from The Cancer 

Genome Atlas (TCGA) showed that the PI(3)K/
AKT pathway was recurrently mutated, suggesting 
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this pathway as a potential therapeutic target 
[ 43 ]. mTOR is an important component of the 
phosphoinositide 3-kinase (PI3K)/Akt signaling 
pathway. PI3K/Akt/mTOR signaling activation 
has been suggested to correlate with aggressive 
behavior and poor prognosis in RCC. 
Hyperactivity of mTOR signaling can occur via a 
number of mechanisms, including overexpres-
sion or activation of growth factor receptors, acti-
vating mutations in PI3K/Akt, or decreased 
expression of tuberous sclerosis (TSC1/2), 
PTEN, or VHL tumor suppressor genes. 
Overproduction of growth factors such as VEGF 
in tumor cells can result in activation of mTOR 
signaling in neighboring endothelial cells, lead-
ing to increased angiogenesis. mTOR also regu-
lates HIF-1α and HIF-2α, as well as p70S6 
kinase, in cancer cells [ 66 ].
    4.     The Metabolic pathways in ccRCC     

  Several studies have shown a diverse range of 
dysplastic metabolic processes, including muta-
tions in genes encoding tricarboxylic acid (TCA) 
cycle enzymes, defects in hypoxic and antioxi-
dant signaling, and abnormalities in nutrient- 
sensing phosphorylation cascades [ 67 ,  68 ]. 
Recent data from TCGA showed also that 
 aggressive cancers demonstrated evidence of a 
metabolic shift, involving downregulation of 
genes involved in the TCA cycle, decreased 
AMPK and PTEN protein levels, upregulation of 
the pentose phosphate pathway and the gluta-
mine transporter genes, and increased acetyl-
CoA carboxylase protein [ 43 ].  

    The Molecular Classifi cation of RCC 

 RCC is a group of heterogeneous subtypes, each 
with distinct morphology, prognosis, and 
response to therapy [ 69 ]. Distinguishing between 
subtypes relies on histomorphology. There are, 
however, a signifi cant number of cases where 
morphology is not conclusive. Moreover, some 
subtypes have overlapping features, and some of 
the newly recognized entities, like translocation 
carcinomas, have histological patterns that are 
overlapping with other subtypes. 

 Using different platforms, several groups have 
shown that gene expression profi ling can be used 
for a more precise renal tumor classifi cation [ 70 –
 74 ]. Yang et al. [ 75 ] demonstrated the viability of 
using molecular signatures for the accurate clas-
sifi cation of renal tumors. Gene expression anal-
yses showed that oncocytoma and chRCC are 
also closely related at the molecular level. A dis-
tinct pattern of gene expression can, however, 
separate these two tumors. Another study used 
mRNA expression profi les to properly distin-
guish between ccRCC and chRCC [ 76 ]. 

 Also, specifi c miRNA signatures have shown 
to be able to accurately distinguish between kid-
ney cancer subtypes. Youssef et al. [ 77 ] devel-
oped a unique classifi cation system that can 
accurately distinguish between the RCC subtypes 
with high precision (Fig.  16.2 ). Similar fi ndings 
were reported by other groups [ 78 – 80 ]. Recently, 
a genome-wide DNA methylation study was able 
to accurately distinguish between type 1 and type 
2 pRCCs and discriminate chRCCs from oncocy-
tomas [ 81 ].

   Recent reports also suggest that even tumors 
with the same subtype (e.g., ccRCC) can be fur-
ther subclassifi ed based on their molecular signa-
ture. This can have a great impact on patient 
management, since these “biological” subtypes 
can have different prognosis and may be subject 
to different types of targeted therapy. 

 ccRCC can be classifi ed into two distinct 
 biological subgroups based on gene expression 
profi le. Under normal conditions, VHL is the  
 recognition component of a complex that is 
responsible for the degradation of HIF1α and 
HIF2α [ 82 ]. When VHL is inactivated, the HIFs 
become constitutively activated and can induce a 
number of genes that promote tumor growth by 
enhancing cell proliferation and angiogenesis 
[ 83 ]. Although HIF1α and HIF2α have been both 
shown to play signifi cant roles in ccRCC patho-
genesis, recently, it has been shown that they can 
have different effects [ 84 ]. Gordan et al. [ 85 ] 
classifi ed VHL-defi cient tumors into two groups 
based on their HIF expression; one subtype 
expressed both HIF1α and HIF2α (H1H2), while 
the other expressed HIF2α only (H2) (Fig.  16.3 ). 
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Interestingly, distinct pathways were shown to be 
significantly dysregulated in each of these groups. 
The H1H2 tumors showed increased MAPK and 
mTOR signaling, while the H2 group showed 
increased c-Myc activity. More recently, distinct 
chromosomal aberrations were identified in each 
of these subtypes, adding to the growing evi-
dence that these two subgroups are distinct [86]. 
Another study identified two distinct biological 
subtypes of ccRCC based on gene expression sig-
natures [87]. These two subtypes also showed 
significant differences in disease-free survival.

Klatte et al. [88] showed that there are distinct 
cytogenetic aberrations associated with type 1 
and type 2 pRCCs. Type 1 tumors frequently had 

trisomy 17, while type 2 tumors were associated 
with loss of chromosomes 1p and 3p and gain of 
5q. Type 2 was also associated with worse overall 
survival than type 1 but was not retained as an 
independent prognostic factor.

 Molecular Markers for Kidney 
Cancer

There are currently no established tumor markers 
for RCC in clinical practice. Diagnosis of kidney 
cancer relies on imaging studies [89]. The most 
commonly used prognostic model for patients 
with metastatic disease is based on a multivariate 

Fig. 16.2 A hierarchic cluster heat map showing 
 differential microRNA (miRNA) expression in normal 
kidney, oncocytoma, and different renal cell carcinoma 
(RCC) subtypes. The bars on the right indicate miRNA 
clusters among subtypes that appear highly dysregulated 

across the samples. miRNA expression profiles can 
 distinguish between the subtypes with high accuracy. 
ccRCC clear cell renal cell carcinoma, chRCC chromo-
phobe renal cell carcinoma, pRCC papillary renal cell 
 carcinoma (figure obtained with permission from [77])
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analysis of clinical parameters that was devel-
oped at Memorial Sloan-Kettering [ 90 ] and later 
validated and enhanced based on data from the 
Cleveland Clinic [ 91 ]. A number of molecular 
markers have been investigated, and although 
many show clinical potential, none have gained 
approved clinical application [ 92 ] 

    Molecular Diagnostic Markers 

 Molecular profi ling has been used to determine 
the presence of a “signature expression profi le” 
in RCC that can accurately distinguish between 
cancerous and normal kidney tissues. A number 
of studies have analyzed differential gene expres-
sions in RCC at the mRNA [ 76 ,  93 – 95 ] and the 
protein levels [ 96 ,  97 ]. The differentially 
expressed genes and proteins are candidate diag-
nostic markers that await validation as tissue 
markers or as noninvasive serum and/or urine 
markers for early detection of RCC. miRNAs 

have also been recently shown to have great diag-
nostic potential in RCC. A number of miRNAs 
have been identifi ed that can distinguish between 
normal and cancerous tissues with high accuracy. 
These might be particularly important in small 
biopsy specimens when the available material is 
not enough for histological evaluation [ 52 ,  98 ]. 

    Molecular Diagnostic Biomarkers 
of Renal Tumors in Urine and Serum  
 14-3-3-beta/alpha is higher in urine samples from 
patients with RCC than healthy volunteers [ 99 ]. 
Methylation-specifi c PCR showed that hyper-
methylation of VHL was only found in ccRCC 
urine samples but not in normal. Hypermethylation 
of p14ARF, APC, and RASSF1A were more fre-
quent in non-ccRCC and none of these genes 
were methylated in normal urine controls [ 100 ]. 
Two novel urine biomarkers, aquaporin 1 and 
adipophilin, were found to be highly expressed in 
RCCs that originate from the proximal tubules 
(ccRCC and pRCC) [ 101 ,  102 ]. 

pVHL Wild-Type H1H2 pVHL-Defective

CLEAR CELL RENAL CARCINOMA

H2 pVHL-Defective

pVHL

c-Myc

HIF2αHIF1α

pVHL

c-Myc

HIF2αHIF1α

c-Myc

HIF2α

pVHL

  Fig. 16.3    Clear cell renal carcinoma subtypes. pVHL tar-
gets HIF-α for proteasomal degradation. Accordingly, 
tumors with wild-type pVHL have low levels of HIF-α. 
pVHL-defective tumors can be subdivided based on 
whether they accumulate both HIF-1α and HIF-2α (H1H2) 

or HIF-2α alone (H2). In the former, HIF-1α antagonizes 
c-Myc. In the latter, this antagonism is lost and c-Myc 
activity is therefore increased (fi gure obtained with per-
mission from: Kaelin WG Jr. Kidney cancer: now avail-
able in a new fl avor. Cancer Cell. 2008, 14(6):423–4)       
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 Urinary nuclear matrix protein 22 (NMP 22) 
is the only FDA-approved screening marker. It is 
known to be specifi c for urothelial carcinoma of 
renal pelvis, and it is available as a fl ow-through 
rapid diagnostic test. In a study on 41 patients, 60 
% of the RCC patients had a positive urinary 
NMP 22 test, compared with only 13 % of the 
control group [ 103 ]. 

 To screen for specifi c markers in the urine of 
RCCs patients, surface-enhanced laser desorp-
tion and ionization time of fl ight mass spectrom-
etry (SELDI-TOF-MS) was used and coupled 
with a tree analysis pattern to develop SELDI 
protein profi ling of urine and serum. Four differ-
entially expressed potential biomarkers from 
urine were identifi ed. A sensitivity of 67.8 % 
(19/28) and a specifi city of 81.4 % (35/43) for the 
blinded test were obtained when comparing the 
RCC versus non-RCC [ 104 ]. 

 Reports also suggest that miRNAs are present 
in stable form in body fl uids, and as such, they 
can be useful as noninvasive diagnostic tests. In 
addition to distinguishing normal from cancerous 
tissues, molecular markers can also be used to 
determine the tissue of origin in tumors of 
unknown primary [ 61 ].   

    Molecular Prognostic Markers 

 Recent evidence shows that the integration of 
molecular markers can lead to signifi cant 
improvement in the accuracy of the available 
clinical parameters that are currently used to 
assess prognosis in RCC [ 105 ]. 

    Chromosomal Prognostic Markers 
 A growing body of evidence has shown copy 
number aberrations in ccRCC to be dynamically 
related to patient prognosis and suggest the util-
ity of chromosomal aberrations as prognostic 
markers in RCC. Apart from gain of chromo-
some 5q which was associated with a better over-
all survival [ 106 ], most chromosomal aberrations 
are related to worse prognosis, such as associa-
tions of the loss of 4p, 9p, and 14q and gains of 
7q, 8q, and 20q, with higher TNM stages, higher 
grade, and/or worse prognosis [ 107 – 112 ]. 9p loss 

has been observed in association with poor 
 outcome in several studies [ 18 ,  113 ]. In locally 
advanced ccRCC, the loss of heterozygosity 
(LOH) of 8p and 9p were found to be strong 
 predictors of recurrence post-nephrectomy [ 114 ]. 
It was also observed that LOH of 8p was a better 
predictor of recurrence compared to tumor grade 
[ 114 ]. Moreover, copy-number alterations in 
chromosomes 1q, 12q, and 20q have been associ-
ated with metastatic ccRCC [ 111 ]. 

 In pRCC, 1q gain was shown to be a marker of 
poor prognosis [ 115 ]. In addition, loss of 1p, 3p, 
or 9p and the absence of trisomy 17 were all asso-
ciated with poor prognosis [ 88 ]. Also, amplifi ca-
tions of 8q were associated with MYC oncogene 
activation and overexpression in high-grade and 
aggressive type 2 pRCC [ 116 ].  

    mRNA Prognostic Markers 
 Earlier reports identifi ed a number of potential 
prognostic markers for RCC. Lower  PTEN , 
 EPCAM , and higher carbonic anhydrase IX 
( CAIX ),  VEGF - R2 , and  VEGF - R3  were all asso-
ciated with poor prognosis in papillary RCC [ 88 ]. 
A number of potential prognostic markers have 
been identifi ed in ccRCC, as discussed below. 

  Carbonic anhydrase IX : CAIX is gaining atten-
tion as a potential prognostic biomarker for RCC. 
CAIX is a HIF-1α-regulated transmembrane pro-
tein associated with neoplastic growth, aggres-
sive tumor phenotype, and poor prognosis in a 
large spectrum of human tumors. A number of 
studies showed that high CAIX expression is 
associated with favorable prognosis in localized 
and metastatic RCC [ 117 – 119 ]. In metastatic 
RCC, CAIX staining levels have been shown to 
be inversely related to metastatic spread, and 
high CAIX expression predicted better survival, 
even after adjusting for the effects of T stage, 
Fuhrman grade, nodal status, and performance 
status. Low CAIX staining (≤85 %) predicted a 
worse outcome in patients with metastatic RCC. 
These fi ndings were, however, not reproducible 
in other studies [ 120 ]. Besides prognostic value, 
the tumor-specifi c and high prevalence of CAIX 
in RCC makes it a great target for imaging and 
therapy using monoclonal antibodies such as 
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G250. CAIX was also proposed as diagnostic 
marker (when incorporated into imaging studies) 
and a predictor of treatment effi ciency [ 121 ]. 

  VEGF : VEGF expression correlates with tumor 
size, Fuhrman grade, tumor necrosis, tumor 
stage, microvessel invasion, RCC progression 
rate, and RCC-specifi c survival. Despite its 
promising characteristics, VEGF awaits valida-
tion studies. 

  Survivin : It is expressed in all RCC variants. 
High survivin expression is associated with poor 
differentiation, more aggressive behavior, and 
lower survival in clear cell RCC. In localized 
RCC, high survivin expression predicted disease 
progression [ 122 ,  123 ]. 

  p53 : p53 overexpression in papillary, chromo-
phobe, and clear cell RCC was recorded in 70 %, 
27 %, and 12 % of tumors, respectively [ 124 ]. 
p53 overexpression was an independent predictor 
of metastasis-free survival in patients with local-
ized ccRCC. The prognostic role of p53 in RCC 
remains controversial with studies failing to show 
any independent prognostic value for survival 
[ 124 ]. In other studies, its prognostic signifi cance 
was limited to patients with localized disease. 
Earlier reports have shown that p53 overexpres-
sion is associated with sarcomatoid differentia-
tion and poor prognosis [ 125 ]. 

  Matrix metalloproteinases : MMP-2 and MMP-9 
were found to be overexpressed in 67–76 % and 
43 % of tumors, respectively. In addition, overex-
pression of MMP-2 and MMP-9 was more com-
mon in non-ccRCC tumors. MMP-2 and MMP-9 
overexpression was associated with aggressive 
behavior, tumor grade, and survival [ 126 ,  127 ]. 

  Insulin - like growth factor II mRNA - binding pro-
tein 3 : IMP3 is associated with higher RCC stage, 
grade, sarcomatoid differentiation, and cancer-
specifi c mortality. In a cohort of 371 patients 
with localized clear cell, papillary, chromophobe, 
and unclassifi ed RCC, Jiang et al. reported that 
tumor cell IMP3 expression was signifi cantly 
associated with progression to distant metastases 

and death [ 128 ]. The prognostic value of IMP3 
was externally validated in 716 clear cell RCC 
tumors [ 129 ] . 

  Ki - 67 : It is associated with an aggressive phe-
notype in ccRCC. High Ki-67 expression 
 predicts higher recurrence rates and worse sur-
vival, and interestingly, the combination of 
Ki-67 and CAIX surpassed the prognostic abil-
ity of nuclear grade in cancer-specifi c mortality 
analyses [ 130 ,  131 ]. 

  Caveolin - 1 : It is a structural component of caveo-
lae. These are plasma membrane microdomains 
involved in the intracellular signaling pathways 
that regulate cell adhesion, growth, and survival 
[ 132 ]. Membranous caveolin-1 is expressed in 86 
% of ccRCC and <5 % of chromophobe or papil-
lary RCC. Caveolin-1 co- expression with Akt/
mTOR pathway components portended worse 
survival [ 133 ]. 

  Vimentin : Vimentin expression is common in 
clear cell (26–51 %) and papillary RCCs (61 %). 
Vimentin overexpression (30–53 %) predicted 
poor prognosis, independent of the effect of stage 
and grade [ 134 ]. 

  Fascin : High fascin expression correlated with 
sarcomatoid transformation, high tumor stage, 
high tumor grade, tumor size, and metastatic pro-
gression [ 135 ]. 

  Other potential markers : B7H1 overexpression 
was found to be associated with poor survival 
[ 136 ]. Rini et al. showed that 60 % of metastatic 
RCC patients had VHL mutations and that 48 % 
of those patients achieved an objective response 
to targeted therapy versus 35 % for patients with 
no VHL mutation or methylation [ 137 ]. The 
prognostic signifi cance of HIF-α levels was 
reported only in patients with ccRCC but not in 
pRCC.  

    miRNA Prognostic Markers 
 miRNA signatures associated with tumor pro-
gression and metastasis have been recently 
reported. Heinzelmann et al. [ 138 ] defi ned an 
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miRNA signature of 33 differentially expressed 
miRNAs distinguishing between metastatic and 
non-metastatic ccRCCs. These include miR-451, 
miR-221, miR-30a, miR-10b, and miR-29a. A 
number of these miRNAs were associated with 
progression-free and overall survival. White et al. 
[ 139 ] identifi ed 65 miRNAs that were signifi -
cantly altered in metastatic ccRCC compared to 
primary ccRCC. Another study reported miR- 
155 expression to correlate with tumor size [ 52 ]. 
A study suggested the utility of miR-106b under 
expression as an indicator of early metastasis in 
ccRCC patients post-nephrectomy [ 140 ]. miR- 
215 was also reported as prognostic marker in 
ccRCC [ 141 ]. 

 Lin et al. [ 142 ] identifi ed seven SNPs in 
miRNA and miRNA-related genes that are associ-
ated with survival and fi ve SNPs associated with 
recurrence. These SNPs were linked to genes 
involved in pre-mRNA splicing, ribonucleopro-
tein assembly, and miRNA processing. They also 
observed associated haplotypes of  DICER  and 
 DROSHA  (proteins involved in miRNA process-
ing) with survival and recurrence.  

    Proteomic Prognostic Markers 
 A study found that high caveolin-1 (CAV1) pro-
tein expression level in the tumor cell cytoplasm 
may be an independent poor prognostic marker 
of both overall and tumor-specifi c survival in 
ccRCC patients [ 143 ]. In addition, increased lev-
els of HIF-1α and phosphorylated ribosomal pro-
tein S6 kinase (Phos-S6) were associated with 
disease-specifi c survival and tumor progression 
[ 144 ]. The chromatin remodeling gene ARID1a 
and its protein product BAF250a were recently 
shown to have prognostic signifi cance in ccRCC 
[ 145 ]. Recent molecular profi ling analysis using 
mass spectrometry identifi ed a number of poten-
tial proteins that are differentially expressed 
between primary and metastatic tumors and can 
serve as prognostic markers [ 68 ]  

    Epigenetic Prognostic Markers 
 Arai et al. [ 146 ] identifi ed two methylation sub-
classes for both tumor and nonmalignant tissues 
that were associated with signifi cantly different 
survival. Another study demonstrated global 

hypermethylation as an independent indicator of 
aggressiveness in early-stage confi ned ccRCC 
[ 147 ]. Methylation status of the  DLEC1  tumor 
suppressor was associated with more advanced 
stages and grades [ 148 ].  GREM1  methylation 
was associated with increased Fuhrman grade 
and decreased overall survival in ccRCC [ 149 ]. 
Several hypermethylated genes and miRNAs 
show promise as independent markers of poor 
prognosis in RCC such as gamma-catenin, 
 RASSF1A ,  BNC1 , collagen, type XIV,  COL14A1 , 
 UCHL1 ,  APAF - 1 ,  DAPK1 ,  miR-9-1 , and  miR - 9 - 3  
[ 150 – 154 ]. 

 There is evidence to support global histone 
modifi cation levels as prognostic markers in 
RCC. Rogenhofer et al. [ 155 ] demonstrated 
lower levels of H3K27me1, H3K27me2, and 
H3K27me3 in RCC with tumor relapse com-
pared to benign renal tissue. Lower levels of 
H3K27me1 and H3K27me3 were also associated 
with shorter progression-free survival. Ellinger 
et al. [ 156 ] observed lower levels of H3K4 in cor-
relation with Fuhrman grading, staging, lymph 
node, and distant metastasis. Lower levels of 
H3K4 were also associated with shorter 
progression- free and cancer-specifi c survival. 
Mosashvilli et al. [ 157 ] observed an inverse cor-
relation between histone H3 acetylation levels 
and stage, distant metastasis, Fuhrman grade, and 
RCC progression.   

    Molecular Profi ling and Integrated 
Genomics 

 Molecular profi ling is the global analysis at the 
DNA, gene, or protein levels, to obtain a more 
comprehensive understanding of a specifi c pat-
tern or signatures in cancer. A wide spectrum of 
clinical applications is gradually evolving from 
molecular profi ling of RCC [ 158 ,  159 ], including 
diagnosis, accurate subclassifi cation, prognosis, 
and prediction of treatment response. Molecular 
signatures were shown to supersede conventional 
staging in predicting outcome. 

 The use of microarray analysis led to the iden-
tifi cation of batches of genes, or gene signatures, 
which can be of prognostic signifi cance. 
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Takahashi et al. [ 101 ] showed that a group of 40 
genes could accurately distinguish between 
patients who died of cancer and those who did 
not developed metastasis. Another study identi-
fi ed a 45-gene signature that was associated with 
poor prognosis [ 160 ]. Kosari et al. [ 161 ] identi-
fi ed a 35-gene signature that is associated with 
tumor aggressiveness. 

 Interestingly, Jones et al. [ 162 ] identifi ed a 
metastatic 155-gene signature in primary tumors 
that can be used to differentiate ccRCC patient 
with distant metastasis at the time of surgery 
from patients with localized disease, suggesting 
that patients presenting with distant metastasis 
represent a biologically distinct subgroup. 
Sultmann et al. [ 163 ] independently validated 
this gene set on a different platform. This con-
cept was further supported by a study that exam-
ined a metastatic signature across a number of 
tumor types and found that solid tumors carrying 
the gene expression signature were more likely 
to be associated with metastasis and poor clinical 
outcome [ 164 ]. 

 A recent microarray analysis identifi ed two 
subgroups within ccRCC, based on gene expres-
sion profi ling, that differ in biological behavior 
despite similarity in histology, as described 
above. 

 Studies have also shown that the integration of 
expression profi ling data with standard clinical 
parameters can enhance the assessment of prog-
nosis in RCC [ 101 ]. One predictive model for 
survival included CAIX, p53, and vimentin in 
addition to standard biomarkers like metastasis 
status, tumor stage, and the Eastern Cooperative 
Oncology Group performance status [ 91 ]. The 
combination of biomarkers in a biomarker panel 
can also enhance the biomarker effi ciency. For 
example, the dual expression of survivin and 
B7-H1 was shown to be a better predictor of 
ccRCC tumor aggressiveness [ 165 ]. Another 
study showed that increased expression of p53, 
gelsolin, and Ki-67 and decreased expression of 
carbonic anhydrases 9 and 12 correlated better 
with unfavorable prognosis. 

 The concept of “integrated genomics” is also 
very promising. By simultaneously analyzing dif-
ferent molecular levels of changes in the cancer 

genomes, we can obtain a better understanding of 
the overall changes of biological processes. 
Employing this approach overcomes to a large 
extent the limitation of overlooking critical genes 
that are disrupted at low frequencies [ 166 ,  167 ]. It 
also facilitates the discovery of tumor suppressor 
genes exhibiting multiple concerted disruptions, 
where each allele may be disrupted by a different 
mechanism. Also, an oncogene could be activated 
by two separate mechanisms such as DNA ampli-
fi cation with a simultaneous activating mutation 
and DNA hypomethylation. In addition to enhanc-
ing the ability to detect candidate driver genes, 
this integrative approach is useful for detecting 
deregulated pathways [ 166 ,  168 ]. Integrative soft-
ware for integration of genomic and epigenetic 
data to decipher their effect on gene expression 
and disease phenotype is emerging.   

    The Role of Genomics in RCC 
Therapy 

    Molecular Predictive Markers 

 Managing advanced metastatic RCC is a clinical 
challenge. New targeted therapies have led to 
improvements in survival over traditional treat-
ments; however, most patients ultimately develop 
resistance. Response rates vary among patients 
and the optimal combination and sequence of 
therapy is yet to be defi ned. There are currently 
no validated biomarkers that can predict treat-
ment outcome in metastatic RCC. 

 Genetic polymorphisms in key genes associ-
ated with sunitinib response and/or toxicity have 
been recently reviewed [ 169 ]. A study found that 
genetic polymorphisms in three genes involved 
in sunitinib pharmacokinetics are associated with 
progression-free survival in mRCC patients 
treated with this drug [ 170 ]. Likewise, in a phase 
III clinical trial of pazopanib in RCC, three poly-
morphisms in  IL8  and  HIF1α  and fi ve polymor-
phisms in  HIF1α ,  NR1I2 , and  VEGFA  showed a 
signifi cant association with PFS and response 
rate, respectively [ 171 ]. 

 Serum/plasma levels of VEGF, soluble 
VEGFR-2, CAIX, TIMP-1, and Ras p21 have 
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shown prognostic value in sorafenib-treated RCC 
patients [ 172 ]. Also, TIMP-1 was demonstrated 
as an independent poor prognostic marker in 
sorafenib-treated patients [ 172 ]. miRNAs repre-
sent another class of predictive markers for treat-
ment outcome with successful potential use in 
other cancers [ 173 – 175 ]. Recent reports provide 
preliminary encouraging results about the poten-
tial role of miRNAs as predictive markers for 
response to targeted therapy [ 176 ,  177 ]  

    Molecular Therapeutic Targets 

 Currently, anti-angiogenic therapies and mTOR 
inhibitors are the fi rst-line treatment for meta-
static cancer but their response rates are in the 
moderate range. More in-depth understanding of 
the pathways affected in RCC will allow for the 
introduction of new more effective targeted ther-
apies [ 178 ]. Interestingly, targeted therapies that 
are used for other cancers might be also applica-
ble to RCC if the same pathway is affected. 
Molecular profi ling analysis has a potential 
promise in modifying the eligibility of patients 
for clinical trials, to be based on their biological 
behavior rather than the anatomical site of their 
tumors. Recently, initial data showed the feasibil-
ity of using genomic and transcriptomic data 
from integrative sequencing of tumors as a means 
to identify the most suitable clinical trial for each 
individual patient [ 179 ]. If this is validated on 
large-scale studies, it will represent a revolution-
ary improvement in personalized medicine. 
Finally, miRNAs represent new potential thera-
pies with the unique advantage of controlling the 
expression of multiple targets by altering the 
level of a single miRNA [ 180 ].      
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        Prostate cancer (PCa) is the most common 
malignancy and the second most common 
cancer- related cause of death among men in 
North America. It is a heterogeneous disease 
with frequent multifocality and morphological 
variability. The majority of PCa patients are 
diagnosed with curable, organ-confi ned disease. 
Accurate identifi cation of patients with an 
increased risk of postsurgical recurrence is of 
major importance for personalizing patient man-
agement plan. 

   The Genomics of Prostate Cancer 

   Germline Genetic Mutations 

 PCa can be either hereditary or sporadic. A large 
body of work has indicated that there are multiple 
complex genomic “hot spots” producing herita-
ble sequence changes which are linked to disease 
risk [ 1 ]. Linkage studies have been used as a 

valuable source to identify candidate regions of 
the genome involved in hereditary PCa. Recently, 
genome-wide association studies (GWAS) have 
served as a powerful tool in PCa genomic 
research [ 2 ]. 

   Candidate Genes and Susceptibility 
Loci Identifi ed by Linkage Analyses 
  RNASEL : The  RNASEL  gene, within the heredi-
tary prostate cancer 1 ( HPC1 ) locus on 1q25, 
mediates antiviral and proapoptotic activities of 
the IFN-inducible 2-5A system [ 3 ]. A nonsense 
truncating mutation Glu265X and an initiation 
codon mutation Met1Ile in the  RNASEL  gene 
segregate in PCa families that were linked to the 
 HPC1  locus. Functional studies showed that both 
mutations were associated with a reduction in 
 RNASEL  activity [ 4 ]. 

  ELAC2 : The  ELAC2  gene, on the hereditary pros-
tate cancer 2 ( HPC2 ) locus on 17p11, encodes a 
tRNA 3′ processing endoribonuclease. An associa-
tion between PCa and two common missense vari-
ants, a serine to leucine change (Ser217Leu) and an 
alanine to threonine change (Ala541Thr), has been 
reported in families with hereditary PCa [ 5 ]. 

  MSR1 : The macrophage scavenger receptor 1 
( MSR1 ) gene, located at 8p22, has been reported 
as a strong candidate for PCa susceptibility. 
Besides the positive linkage fi ndings of this gene 
in hereditary PCa, the p22 band of chromosome 8 
is also frequently deleted in PCa. Mutations in 
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 MSR1  have been shown to be associated with 
PCa risk in both hereditary and sporadic cases in 
European and African-American men [ 6 ]. 

  Homeobox B13  ( HOXB13 ): The novel rare muta-
tion, homeobox B13 ( HOXB13 ) Gly84Glu, was 
reported to co-segregate with cancer in hereditary 
PCa families and was associated with a signifi -
cantly increased risk of hereditary PCa. Several 
additional rare missense HOXB13 variants 
(Tyr88Asp, Leu144Pro, Gly216Cys, and 
Arg229Gly) were also identifi ed. The recurrent 
nature of the Gly84Glu change and a reported 
lack of any truncating mutations in HOXB13 in 
patients with PCa suggest a carcinogenic mecha-
nism that is more consistent with a gain of func-
tion (oncogenic) than with a loss of function. 
Although HOXB13 mutations could be identifi ed 
in a minority of men with PCa, rare genetic 
lesions can identify pathways that are found to be 
abnormal in more common, sporadic cases [ 7 ]. 

  CHEK2 : The CHEK2 gene (22q) is an upstream 
regulator of p53 in the DNA damage signaling 
pathway. CHEK2 mutations have been identi-
fi ed in both sporadic and familial cases of PCa 
and are associated with a small increased risk of 
PCa [ 8 ]. 

  Low-Penetrance Genes : Mutations in high- 
penetrance susceptibility genes are relatively 
uncommon in PCa. On the other hand, polymor-
phisms in low-penetrance genes increase the risk 
of developing the disease only modestly but 
occur at greater frequency:
    1.    The polymorphic CAG (cytosine–adenosine–

guanine) repeat in the  androgen receptor  ( AR ) 
 gene  has been studied extensively. Studies 
have shown an inverse relationship between 
the CAG repeat length and PCa risk. Short 
CAG length has been also correlated with 
high-grade, high-stage, metastasis, and fatal 
outcome. The prevalence of PCa is higher in 
African Americans with higher prevalence of 
shorter CAG repeats in the AR gene and lower 
in Chinese men with a higher prevalence of 
longer CAG repeats. A recent study showed 
that this risk factor is less important than pre-
viously thought [ 9 ,  10 ].   

   2.    Polymorphisms in the  SRD5A2 , the gene that 
codes for the enzyme 5α-reductase type II, 
have been reported to be associated with an 
increased risk of developing PCa [ 11 ]. 
5α-reductase is responsible for the conversion 
of testosterone to its more active metabolite 
dihydrotestosterone.   

   3.    The  vitamin D receptor  ( VDR ) gene is also a 
polymorphic steroid hormone receptor impli-
cated in PCa. Whether the  VDR  polymor-
phisms confer an increased susceptibility to 
PCa remains a challenge. VDR alleles have 
been strongly associated with advanced 
 cancers [ 12 ].    
  Other polymorphisms reported to infl uence 

the risk of developing PCa include the cyto-
chrome P450 family genes ( CYP3A4  and  CYP17 ). 
 CYP17  encodes cytochrome P450c17α, an 
enzyme responsible for the biosynthesis of tes-
tosterone. A variant  CYP17  allele is associated 
with both hereditary and sporadic PCas [ 13 ]. 
Others regions detected by linkage analysis are 
 P redisposing for  CA ncer of  P rostate (PCAP) at 
1q42.2-43 [ 14 ]; CABP at 1p36 [ 15 ], 16q23 [ 16 ], 
and 19p13 [ 17 ]; and HPC20 at 20q13 [ 18 ]. Other 
loci linked to PCa are chromosomal location 
3p26, 3q26, 4q35, 7q32-33, 11q14, 17q22, and 
22q12-13.  

   Candidate Genes and Susceptibility 
Loci Identifi ed by GWAS 
 Hepatocyte nuclear factor 1B (HNF1B) is 
encoded by the transcription factor 2  TCF2  gene 
(17q12). This gene has been reported to be asso-
ciated with increase PCa risk by 20 %. 
Interestingly, the HNF1B risk allele (or SNP 
allele) for PCa was associated with protection 
against type 2 diabetes, and likewise, the risk 
allele for type 2 diabetes is associated with 
decreased risk for PCa. HNF1B/TCF2/MODY5 
contains a homeobox domain and is classifi ed as 
a beta helix-loop-helix transcription factor [ 19 ]. 

 Some SNP alleles are not associated with 
identifi able genes. Studies indicate that there are 
up to seven distinct loci within the 8q24 region in 
which SNP alleles correlated with up to a 50 % 
increased risk of PCa [ 20 ]. Recent studies have 
identifi ed enhancer elements within 8q24 which 
are conserved in primates and canine species. 
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The c-Myc proto-oncogene is located 200 kb 
upstream of 8q24 and has been proposed to be 
regulated by elements in this region in other can-
cers. Sotelo et al. linked the enhancers in the 
region to gene expression in vitro in PCa cells 
[ 21 ]. Another study showed that chromosomal 
looping leads to a direct interaction between 
PCa-associated SNP alleles and the c-Myc pro-
moter [ 22 ]. Currently, there are confl icting 
reports on whether or not these SNP alleles 
change c-Myc expression in vivo. A meta- 
analysis confi rmed that a subset of risk- associated 
SNPs at 8q24 displays differing patterns of risk 
association based on race [ 23 ]. 

 GWAS have also identifi ed two potential loci 
on chromosome 10, one of which encompasses a 
SNP in the proximal promoter of the 
B-microseminoprotein gene (MSMB). There is a 
correlation between a reduced level of PSP94 
(the protein product of MSMB) and progression 
after radical prostatectomy [ 24 ]. 

 The breast cancer susceptibility genes BRCA1 
(17q21) and BRCA2 (13q12.3) confer a relative 
risk of PCa of 3.0 and 2.6–7.0, respectively. The 
UK/Canadian/Texan Consortium found up to 30 % 
of familial clusters may be linked to BRAC1/2, 
although the confi dence intervals were wide and 
included one. The UK Familial Prostate Cancer 
Study was unable to fi nd any mutations in the 
BRAC1 gene but identifi ed two germline muta-
tions in BRCA2. An association between breast 
and PCa clearly exists; the molecular basis for 
this association is not yet fully understood [ 25 ].   

   Somatic Molecular Alterations 

   Chromosomal Aberrations 
 Most PCas exhibit somatic copy number altera-
tions (SCNAs), with genomic deletions outnum-
bering amplifi cations in early stages of disease. 
Conventional karyotyping identifi ed recurrent 
chromosomal changes including trisomy 7, loss 
of Y, deletions of 7q and 10q, and double min-
utes. Using FISH, gains of chromosomes 1, 7, 8, 
8q, 17, X, and Y and loss of chromosomes 1, 7, 8, 
8p, 10, 10q, 16q, 17q, 17, and Y have been 
reported [ 26 ]. Recently, comparative genomic 
hybridization and high-density single-nucleotide 

polymorphism arrays have allowed high- 
resolution genome-wide analysis of SCNAs. 

 Visakorpi et al. reported loss of 8p and 13q in 
prostatic intraepithelial neoplasia (PIN) [ 27 ]. 
Also recurrent losses and rearrangements on 
chromosome 22q between the TMPRSS2 and 
ERG gene loci are described in PCa, as discussed 
below in details. 

 The highest rate of LOH has been detected at 
the chromosomal regions of 8p, 13q, and 16q 
[ 28 ]. Within 8p, at least two minimal regions of 
deletions are reported: the fi rst at 8p22, with con-
current gain of 8c (8 centromere), has been asso-
ciated with adverse disease outcome [ 29 ]. The 
second region at 8p21, the site of a prostate- 
specifi c homeobox gene NKX3.1, correlated 
with tumor progression [ 30 ]. LOH at 8p has been 
also reported in high PIN. 

 Deletion of 13q21 was also associated with 
aggressive disease [ 31 ]. More than half of PCa 
cases show LOH at 13p [ 32 ,  33 ]. This region har-
bors the Rb and BRCA2 genes. Loss of BRCA2 
was relatively uncommon in localized PCa, but 
deletion of Rb was more frequent [ 33 ]. Also, 
allelic loss on chromosome 13q14, q21-22, and 
q33 occurred frequently in metastatic and aggres-
sive cancers [ 34 ]. 

 LOH at 16q (16q22.1-22.3, 16q23.2-24.1, and 
16q24.3-ter) is often observed in advanced PCa 
and is associated with poor prognosis [ 35 ]. In 
10q, the highest rate of LOH has been reported at 
region 10q23-q24, harboring the phosphatase 
and tensin homolog (PTEN) tumor suppressor 
gene [ 36 ]. Another candidate gene, MXII, has 
been identifi ed which is an antagonist of MYC 
[ 37 ]. 

 Isochromosome 17 was one of the earliest dis-
covered chromosomal abnormalities associated 
with PCa. Subsequently, a deletion was identifi ed 
in peak regions of the short arm of chromosome 
17. One of these regions harbors a potential 
metastasis suppressor gene (MKK4/SEK1). p53 
(17p13.1) is also mutated in a subset of advanced- 
stage prostate carcinomas, but does not appear to 
play a major role in cancer development [ 38 ]. 

 Almost 90 % of hormone-refractory and met-
astatic cancers show 8q gain, compared to 5 % of 
primary tumors [ 27 ,  39 – 41 ]. The MYC oncogene 
located at 8q24 has been associated with 
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 aggressive disease [ 39 ]. FISH showed MYC 
overexpression in ~9 % of localized and ~75 % of 
advanced PCas. 

 Another gene on chromosome 8q is PSCA, 
encoding prostate stem cell antigen. Elongin C 
[ 42 ] and EIF3S3 [ 43 ] genes are located on chro-
mosome 8q and have also been implicated as 
potential targets of amplifi cation. Other genes 
seem to be overexpressed in hormone-refractory 
prostate carcinomas include TCEB1 (8q21), 
KIAA0196, and RAD21 (8q23-q24) [ 44 ,  45 ]. 
Thirty percent of hormone-refractory PCas have 
shown amplifi cation of region Xq11-13 which 
encodes androgen receptor and 50 % of cases 
show gains in regions of 7q/7p [ 27 ].  

   Epigenetic Changes 
   Hypermethylation 
 Hypermethylation is a common event in PCa. A 
list of commonly hypermethylated genes and 
their functional categories is shown in Box  17.1 . 

  Hormone Signaling : The androgen receptor (AR) 
is a critical effector in PCa development and pro-
gression. Recent studies demonstrated the role of 
the AR in driving PCa cell growth even in low 
androgen levels and castrate-resistant PCa [ 46 ]. 
Epigenetic changes including CpG methyla-
tion and histone acetylation play important 
roles in the regulation of AR pathway signaling. 
Hypermethylation of the AR gene is more fre-
quent in castrate-resistant tumors (29 %) compared 
with untreated primary tissues (10 %) [ 47 ]. 

  DNA Repair Genes : The GSTP1 gene encodes 
the π-class glutathione S-transferase (GST). The 
associated loss of its function likely sensitizes 
prostatic epithelial cells to cell and genome 
damage. No mutations or deletions have been 
reported for GSTP1 gene in PCa; however the 
gene is inactivated and both alleles are com-
monly methylated [ 48 ]. Hypermethylation of 
CpG island within GSTP1 promoter region is 
one of the earliest changes in the pathogenesis of 
PCa. GSTP1 methylation is absent in normal 
epithelium and present in 70 % of high-grade 
prostatic intraepithelial neoplasia (HGPIN) and 
90 % of PCas [ 48 ]. 

  Tumor Suppressor Genes : Promoter methylation 
in the APC tumor suppressor genes has been 
identifi ed as markers for PCa prognosis. Patients 
with APC methylation had higher mortality [ 49 ]. 
Also, inactivation of the tumor suppressor gene 
RASSF1A has been associated with hypermeth-
ylation of its CpG island promoter region. The 
encoded RASSF1A protein was found to interact 
with DNA repair protein XPA. It has also been 
shown to counteract stimulation of cell prolifera-
tion by RAS-linked pathways and inhibit the 
accumulation of cyclin D1 and thus induce cell 
cycle arrest [ 50 ]. 

  Cell Adhesion Genes : E-cadherin (CDH1) is a 
strong suppressor of invasion. Decreased CDH1 
expression has been associated with more 

   Box 17.1 Commonly Hypermethylated 
Genes in Prostate Cancer and their 
Functional Categories 

   DNA repair genes 
  GSTP1  
  MGMT   

  Tumor suppressor genes 
  APC  
  RARβ  
  RASSF1   

  Hormone receptors 
  AR  
  ESR1,2   

  Cell adhesion genes 
  CDH1  
  CDH13  
  CD44   

  Cell cycle control genes 
  CCND2  
  CDKN1B  
  SFN   

  Apoptotic genes 
  GADD45a  
  PYCARD  
  RPRM  
  GLIPR1    
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 extensive metastases and poor overall survival in 
PCa. The 5′ CpG island of CDH1 is densely 
methylated in PCa cell lines [ 51 ]. CD44 encodes 
for another membrane protein involved in matrix 
adhesion and signal transduction. In PCa, CD44 
hypermethylation is seen in 78 % of patients 
compared to only 10 % of normal [ 52 ]. 

  Cell Cycle and Proapoptotic Genes : 
Hypermethylation of the CCND2 promoter is 
signifi cantly higher in PCas compared to normal 
prostate tissues (32 % vs. 6 %, respectively) [ 53 ]. 
High CCND2 methylation levels correlate with 
tumor aggressiveness [ 54 ]. A number of genes 
including GSTP1, APC, PTGS2, MDR1, and 
RASSF1a are hypermethylated in PCa samples. 
Importantly, these aberrantly methylated genes 
positively correlated with disease stage and are 
unique to PCa. A combined assay for GSTP1 and 
APC hypermethylation has shown great promise 
for detecting PCa in clinical samples with up to 
100 % certainty [ 55 ].  

   Hypomethylation 
 Promoter hypomethylation and subsequent 
upregulation of oncogenes such as WNT5A 
have been reported in PCa. Among the members 
of polycomb repressive complex (PRC), the 
most studied is the polycomb protein enhancer 
of zeste homologue 2 (EZH2), an essential com-
ponent of a protein complex that catalyzes meth-
ylation of histone H3 at K9 contributing to 
transcriptional repression of a large number of 
specifi c genes. PRC1 complex was also required 
for trimethylation at H3K27, which is responsi-
ble for stable maintenance of gene repression 
[ 56 ]. Increased levels of H3K27me3 in PCa are 
associated with repression of tumor suppressor 
genes such as DAB2IP, a member of the Ras 
GTPase family [ 57 ].   

   Tumor Suppressor Genes 
  NKX3.1 : NKX3.1 is an androgen-regulated 
tumor suppressor gene on chromosome 8p21.2. It 
binds to DNA and represses expression of the 
PSA. In addition to 8p21 LOH, there is evidence 
that NKX3.1 undergoes epigenetic downregulation 
through promoter methylation [ 58 ]. 

  PTEN : The PTEN gene is mutated in up to 1/3 of 
hormone-refractory PCas, and homozygous dele-
tions and mutations have been identifi ed in a sub-
set of primary PCas. PTEN loss correlates with 
high Gleason score and advanced stage [ 59 ]. 

  CDKN1B  ( p27 ): Reduced concentrations of p27 
are common in PCas, particularly in those with 
poor prognosis. Somatic loss at 12p12–3, encom-
passing CDKN1B, has been described in 23 % of 
localized PCas, 30 % of PCa metastases in 
regional lymph nodes, and 47 % of distant metas-
tases [ 60 ]. 

  KLF6 : KLF6 comprises a group of transcription 
factors that appear to be involved in different bio-
logical processes including carcinogenesis. 
Important genetic alterations of KLF6 have been 
reported, including deletions and loss of expres-
sion in a minority of high-grade PCas [ 61 ]. 

 Genetic inactivation of the classic tumor sup-
pressor genes  p53 ,  RB1 ,  p16  is rarely seen in 
 primary cancers but occur at higher frequencies 
in metastatic and/or hormone-refractory lesions, 
suggesting that these genes may be involved in 
PCa progression.  

   Oncogenes 
  MYC : Recent studies have suggested a role for 
MYC overexpression in cancer initiation. Nuclear 
MYC protein is upregulated in many PIN lesions 
and the majority of carcinomas in the absence of 
gene amplifi cation [ 62 ]. Several important MYC 
target genes have been identifi ed which regulate 
numerous pathways involved in PCa progression 
and metastasis. FOXP3 is a newly identifi ed 
X-linked tumor suppressor gene in both prostate 
and breast cancers. MYC overexpression has 
been correlated with FOXP3 downregulation, 
and deletion of FOXP3 resulted in concomitant 
increase in MYC. FOXP3 binds to the promoter 
region of MYC and represses its transcription 
and hence loss of FOXP3 increased MYC expres-
sion [ 63 ]. 

  Androgen Receptor  ( AR ): Luminal cells in HGPIN 
and the vast majority of prostatic adenocarci-
noma cells express AR at relatively high levels. 
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Androgen independence eventually develops in 
advanced cancers. Despite that, AR expression 
and AR signaling remain intact in most hormone- 
refractory cancers. In fact, AR expression itself is 
often increased in hormone-refractory cancers. 
Somatic mutations of AR have been reported, 
especially in androgen-independent cancers, and 
these are often “activating” mutations that can 
result in altered ligand specifi city, thus permitting 
activation by non-androgens or even antiandro-
gens. In addition, AR gene amplifi cation can lead 
to increasing the sensitivity of the cells to low 
androgen levels. Androgen-independent PCa 
cells can also activate AR signaling in the absence 
of androgens through posttranslational modifi ca-
tions of the AR and/or AR coactivators in 
response to other growth factor signaling [ 64 –
 66 ]. Steroid receptor coactivators (SRCs) have 
been studied extensively. In addition to interact-
ing with nuclear receptors, SRCs coactivate other 
transcription factors including nuclear factor-κB 
(NF-κB), STATs, HIF1, and Smads. SRCs have 
been found to be highly overexpressed or ampli-
fi ed in PCa [ 67 ]. Recent studies have also sug-
gested that PCa cells may manufacture 
androgens. 

  TMPRSS2 - ERG Gene Fusion Rearrangement : 
Gene fusions between the androgen-regulated 
gene TMPRSS2 and the ETS oncogenic 
 transcription factor family members ERG, 
ETV1, and ETV4 are the most prevalent gene 
fusion in PCa and have been reported as a criti-
cal event in PCa development. TMPRSS2 is 
an androgen- regulated gene on chromosome 
21q22.2; its upstream regulatory elements and 
promoter drive the overexpression of ERG upon 
the formation of gene fusion. Androgen signal-
ing has been shown to induce the proximity of 
TMPRSS2 and ERG locus in androgen respon-
sive cells and in combination with agents causing 
DNA double-strand breaks induces TMPRSS2-
ERG gene fusions. PCas are molecularly divided 
into “fusion- positive” and “fusion-negative” can-
cers. Expression of TMPRSS2-ERG fusion tran-
script has been found in low-grade PIN and 
16–20 % of HGPIN, suggesting it to be an early 
event in prostate carcinogenesis. It is also present 
in 65 % of localized PCas. Studies have also 

documented increased ERG and ETV1 expression 
in metastatic PCa, suggesting ETS gene fusions 
can be maintained in advanced disease [ 68 ,  69 ]. 
The majority (70 %) of cases demonstrated 
heterogeneous TMPRSS2 gene rearrangements 
between different tumor foci, thus supporting 
multifocal PCa as a heterogeneous group of dis-
eases [ 70 ]. 

 Activated WNT signaling was recently described 
to be among the most highly enriched pathways in 
ERG-overexpressing tumors [ 71 ]. In addition, a sig-
nifi cant upregulation of the TGF-β/BMP signal-
ing pathways is identifi ed in fusion- positive 
patients [ 72 ]. Clinically, the prognostic importance 
of ETS gene rearrangement is still controversial, 
and additional studies are needed to identify 
and verify different variants of translocations. 
Furthermore, differential regulatory networks that 
drives ETS oncogenic rearrangements with respect 
to androgen signaling need to be elucidated. 

  Telomere Shortening : Telomeres become markedly 
shortened during the development of most cancers, 
most likely to the point where chromosomal insta-
bility ensues. In the prostate, somatic telomere 
shortening occurs in the luminal cells of most of the 
cases of HGPIN and carcinoma. Telomere shorten-
ing may be a nearly universal feature of early PCa 
and may promote chromosomal instability leading 
to disease progression [ 73 ].      

    Molecular Pathways of Prostate 
Cancer 

 1. Phosphoinositide-3 Kinase/Akt: Phosphoi-
nositide-3 kinase (PI3K) is a critical mediator 
of multiple oncogenic signaling pathways. 
The most critical negative regulator of PI3K-
Akt pathway is PTEN. In PCa, PTEN is fre-
quently lost resulting in hyperactive PI3K/Akt 
pathway promoting cancer progression [ 74 ]. 
Other potential role for AKT in PCa is the 
phosphorylation of p27Kip1 protein, resulting 
in cytoplasmic retention of p27Kip1 and lack 
of p27Kip1 mediated cell cycle arrest. 
p27Kip1, encoded by the CDKN1b gene, is 
often downregulated in the nucleus of PCa and 
high-grade PIN cells [ 75 ]. 
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 2. Wnt-B Catenin-TCF Signaling and MYC: 
The Wnt/B catenin pathway is an important 
player in prostate oncogenesis, particularly 
tumor cells’ invasiveness. In PCa, APC and 
β-catenin mutations are quite rare (~5 % or 
less in most studies). Despite this, APC 
appears to be inactivated in most PCas; APC 
hypermethylation was reported in 57–85 % of 
PCas [ 55 ,  76 ] and in 30 % of HGPIN. 
Interestingly, APC hypermethylation was 
observed more frequently in cases with high 
Gleason scores and high serum PSA levels. 

 3. The IGF Pathway: IGF-I plays an important 
role in cellular proliferation, differentiation, 
and apoptosis. Obesity is associated with 
increased free or bioavailable IGF-I [ 77 ], and 
several epidemiologic studies have reported a 
positive association between IGF-1 and PCa 
risk, although data from recent studies are 
much weaker [ 78 ]. 

 4. Obesity and the Infl ammatory Pathway: 
Accumulating data support the hypothesis that 
chronic infl ammation contributes to prostate 
carcinogenesis. In addition, studies of genetic 
susceptibility have shown that variants of genes 
in the infl ammation pathway, including MSR1, 
tumor necrosis factor-α (TNF-α), and IL6, are 
associated with a higher risk of PCa [ 79 – 81 ]. 

 It is now recognized that adipose tissue is an 
active organ that secretes a large number of 
proteins, including cytokines and hormone-
like factors, such as leptin and adiponectin [ 80 ]. 
It has been shown that obesity is associated 
with a state of low-grade chronic infl amma-
tion, with infi ltrating macrophages within adi-
pose tissue and elevated concentrations of 
infl ammatory cytokines, including TNF-α, 
interleukin-6, and C-reactive protein [ 82 ]. The 
subclinical infl ammatory condition related to 
obesity promotes the production of proinfl am-
matory factors involved in the pathogenesis of 
insulin resistance [ 83 ]. Furthermore, in obe-
sity, the proinfl ammatory effects of cytokines 
involve the NF-κB and c-Jun N-terminal kinase 
(JNK) systems. Coincidentally, NF-κB is a 
strong inducer of antiapoptotic gene activity 
(BCL-XL) and cell cycle genes (cyclin D1) [ 84 ]. 
Nuclear localization of NF-κB is associated 
with PCa [ 85 ]. 

 5. Cholesterol Biosynthesis: Several studies 
have shown that cholesterol homeostasis gets 
disturbed in the prostate with advancing age 
and with the transition from a benign to a 
malignant state. Elevated cholesterol levels in 
PCa cells have been shown to be the result of 
an aberrant regulation of the cholesterol 
metabolism. Furthermore, the cholesterol 
metabolism appeared to be involved in PCa 
recurrence. 

 Numerous signaling proteins have been 
identifi ed to associate with plasma membrane 
lipid rafts, including the EGFR, the AR, het-
erotrimeric G-protein subunits, the T-cell 
receptor, as well as the interleukin-6 (IL-6) 
receptor. The EGFR leads to the activation of 
the PI3K/Akt pathway and therefore serves as 
mediator of solid tumor growth [ 86 ,  87 ]. 

 6. Epithelial-to-Mesenchymal Transition: Several 
recent studies provide evidence that EMT is 
linked to cancer progression, invasion, and 
metastasis. EMT is characterized by the repres-
sion of E-cadherin expression and increased 
cell motility. The loss of E-cadherin seems to 
correlate with dedifferentiation, local invasive-
ness, and metastasis of PCa cells [ 88 ,  89 ]. 

 Furthermore, EMT coordinates the coop-
eration between oncogenic Ras and receptor 
tyrosine kinases to induce downstream Raf/
mitogen-activated protein kinase (MAPK) sig-
naling that is strongly associated with tumor 
progression and poor prognosis [ 90 ]. 
Overexpression of the EGFR family has been 
associated with disease progression of numer-
ous malignancies including PCa. In PCa, 
EGFR has been shown to initiate EMT in 
cooperation with TGF-β and to enhance the 
invasiveness of cancer cells. In the presence of 
androgens, endogenous and ectopically 
expressed AR directly associates with EGFR 
and alters the activation of downstream PI3K 
signaling leading to cancer cell growth and 
survival. EGFR may also sensitize PCa cells to 
low levels of androgens by enhancing coacti-
vator binding and transcriptional  activation of 
endogenous and ectopically expressed AR. 
Therefore, the observed cross talk between the 
AR and EGFR axes leads to the assumption 
that EGFR- induced EMT, and androgen 
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 independence could occur simultaneously in 
prostatic tumor cells [ 88 ]. 

 The link between EMT and tumor progres-
sion has been circumstantial, but defi nitive 
evidence is emerging. For instance, new data 
indicate that expression of the fusion protein 
TMPRSS2-ERG can lead to activation of the 
beta-catenin pathway and EMT [ 72 ]. 
Additionally, overexpression of the polycomb 
repressive complex protein EZH2 has been 
linked to EMT, metastasis, and castration 
resistance [ 91 ]. In PCa model systems, acti-
vated stromal signaling from the tumor micro-
environment may induce EMT and stemness 
properties, contributing to castration resis-
tance and metastatic progression through this 
molecular cross talk, often mediated by cyto-
kines and other paracrine factors [ 92 ]. 

 7. MicroRNAs (miRNAs): Several miRNAs 
have been reported to be deregulated in PCa. 
Downregulation of let-7b, miR-1, miR-133a, 
miR-143, miR-145, miR-221, and miR-222 
and upregulation of miR-25, miR-93, mir-96, 
miR- 183, miR-182, or miR-301b have been 
reported in PCa compared with benign pros-
tate hyperplasia and normal prostate. Recent 
evidence has also shown that miRNAs are 
involved in PCa pathogenesis and can be 
potential biomarkers. For instance, overex-
pression of miR-96 and reduced expression of 
miR-221 have been associated with increased 
risk of biochemical recurrence and aggressive 
PCa. miR-205 is strongly downregulated in 
PCa and its expression is completely abol-
ished in metastatic tumors. It has been sug-
gested that the tumor-suppressive function of 
miR-205 takes place through counteracting 
epithelial- to-mesenchymal transition and 
reducing cell migration and invasion. miR-
183 expression was found to be signifi cantly 
higher in PCa compared to matched adjacent 
normal prostate tissues, and higher miR-183 
expression was associated with higher PSA at 
diagnosis, higher pT, and shorter overall sur-
vival after radical prostatectomy. Also, differ-
ent miRNA expression signatures were 
reported in the high-grade tumors (Gleason 
score ≥8) compared with tumors Gleason 
score 6. Upregulation of miR-122, miR- 335, 

miR-184, miR-193, miR-34, miR-138, 
 miR- 373, miR-9, miR-198, miR-144, and 
miR-215 and downregulation of miR-96, 
miR-222, miR- 148, miR-92, miR-27, miR-
125, miR-126, and miR-27 were found in the 
high-grade tumors [ 93 – 96 ]. 

 8. Other Pathways: The  MAPK pathway  also 
plays a role in PCa pathogenesis, especially 
advanced and castration-resistant tumors. 
MAPK pathway activation is associated with 
higher stage and grade and recurrent disease. 
In the setting of castration resistance, PI3K 
and MAPK signaling are often coordinately 
dysregulated [ 97 ]. 

 Another important pathway is the HIV-I 
NEF pathway. This pathway comprises the 
tumor necrosis factor (TNF) and FAS receptor 
signaling pathways and seems to be particularly 
dysregulated in androgen-independent meta-
static cancers [ 98 ]. Upregulation of RAS family 
members  RAF1  and  BRAF , or downregulation 
of  SPRY1  or  SPRY2  genes, is enriched in PCa 
metastases [ 99 ]. In some cases, expression of 
 RAS ,  RAF1 , and  BRAF  is activated by onco-
genic fusions with highly expressed promoters. 
Repression of the RAS-GAP gene  DAB2IP  by 
EZH2 may activate MAPK signaling and drive 
progression and metastasis. 

 Like the Wnt pathway, matrix metallopro-
teinases (MMPs) are essential in facilitating 
the invasiveness of PCa. These proteins are 
important in the degradation of the extracel-
lular matrix, whereby the invasive PCa cells 
can metastasize to distant sites. Additionally, 
this protease activity plays a role in facilitat-
ing angiogenesis. In bone metastases, pros-
tatic tissue can promote angiogenesis via the 
MMP9 derived from osteoclasts. As such, 
metalloproteases are particularly important 
players later on in PCa, when the cancer is 
most invasive [ 100 ].  

   Prostate Cancer Initiation 
and Progression 

 PCa is thought to develop through a stepwise pro-
gression by which the benign prostatic epithe-
lium changes to high-grade PIN, invasive 
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adenocarcinoma, distant metastatic disease, and 
fi nally androgen refractory metastatic disease. 
The sequence of the most established molecular 
events is shown in Fig.  17.1 .

     Proliferative Infl ammatory 
Atrophy as a Precursor Lesion 
to Prostate Cancer 

 Epidemiological studies indicate that prostate 
infl ammation is associated with increased risk of 
PCa. Recently, a new hypothesis has been pro-
posed for prostate carcinogenesis. It proposes 
that exposure to environmental factors such as 
infectious agents, dietary carcinogens, and hor-
monal imbalances leads to injury of the prostate 

and to the development of chronic infl ammation 
and regenerative “risk factor” lesions, referred to 
as proliferative infl ammatory atrophy (PIA) 
[ 101 ]. Areas of PIA have epithelial cells that fail 
to differentiate into columnar cells. Also, it may 
show morphological transitions in continuity 
with HGPIN lesions which are putative PCa pre-
cursors [ 101 ]. 

 Regardless of the cause of PIA (infection, 
ischemia, or toxin exposure), epithelial cells in 
these lesions exhibit molecular signs of stress 
expressing high levels of stress response genes 
GSTP1, GSTA1, and COX-2. There are increases 
in chromosome 8 centromere signals, loss of 
chromosome 8p14, and a gain of chromosome 
8q24 in focal atrophy, indicating that chromo-
somal abnormalities similar to those found in 

  Fig. 17.1    A schematic showing the sequence of molecu-
lar events in prostate cancer (PCa) pathogenesis. The ear-
liest somatic molecular alterations that begin to occur just 
before or at the onset of prostatic intraepithelial neoplasia 
(PIN)/proliferative infl ammatory atrophy (PIA) include 
silencing of gene expression through epigenetic changes, 
such as GSTP1 promoter hypermethylation, then telo-
mere shortening, and the activation of the proto-oncogene 
MYC. Oncogenic ETS family transcription factors are 

activated by gene fusions at or near the onset of invasive 
adenocarcinoma in a signifi cant subset of patients. 
Other common genetic changes found in PCas include 
deletions of regions harboring putative tumor suppressors 
on  chromosome 8p (NKX3.1), 10q23 (PTEN), 12p13 
(CDKN1B-p27), 13q (RB1), and 17q (p53); gains in 
regions of oncogenes on chromosome 8q24 (MYC) and 
Xq (AR); and point mutations (e.g., p53 and AR)       
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PIN and carcinoma occur in a subset of these 
atrophic lesions. Furthermore, these atrophic 
lesions, which frequently merge with HGPIN, 
have some of the somatic alterations found in 
PCa and PIN. Morphological transitions between 
PIA, PIN, and PCa have been also described. 
Furthermore, PIA directly merging with cancer 
was identifi ed in 28 % of the cases [ 101 ].  

   Prostatic Intraepithelial Neoplasia 
as a Precursor of Carcinoma 

 PIN is recognized as a continuum between low- 
grade and high-grade forms, with HGPIN thought 
to represent the immediate precursor of invasive 
carcinoma. Several lines of evidence implicate 
HGPIN as a preneoplastic lesion. First, it is pri-
marily found in the peripheral zone, in proximity 
to invasive carcinoma [ 102 ]. Second, HGPIN 
lesions generally precede the appearance of car-
cinoma, consistent with the concept of cancer 
progression [ 103 ]. Third, the chromosomal 
abnormalities found in PIN resemble those found 
in early invasive carcinoma, although less preva-
lent [ 104 ]. Fourth, the architectural and cytologi-
cal features of PIN closely resemble those of 
invasive carcinoma. Finally, markers of differen-
tiation that are commonly altered in early inva-
sive carcinoma are also altered in HGPIN, 
including E-cadherin and vimentin [ 105 ].  

   Tumor-Initiating Cells and Cancer 
Stem Cells 

 The preferential survival of basal cells following 
androgen ablation has led to the traditionally held 
hypothesis that prostate stem cells reside within 
the basal cell layer of the gland. Substantial evi-
dence indicates that these cells which have a 
basal phenotype can possess some stem cell 
behavior like the ability for self-renewal and dif-
ferentiation into luminal cells [ 106 ]. In PCa, 
however, the majority of cancer cells express 
luminal, rather than basal, cell markers. For 
example, PCa and PIN cells express fairly high 
levels (as compared to basal cells) of AR, PSA, 

and NKX3.1. Furthermore, only luminal cells in 
PIN lesions show the characteristic somatic DNA 
alteration of telomere shortening. Finally, only 
luminal cells show the characteristic FISH abnor-
malities of the ETS family gene rearrangements. 
This has led to the hypothesis that PCa can be 
derived from a luminal cell progenitor or mature 
luminal cell that has acquired self-renewal activ-
ity through mutation [ 107 ]. Some reports, how-
ever, have identifi ed intermediate cells that 
coexpress both basal and luminal cell markers 
within PCas [ 108 ]. 

 Both cancer stem cells and metastatic cells 
share traits, such as the migration ability and the 
ability to differentiate into different cell types. In 
vitro studies revealed that metastatic PCa cells 
invade matrigel through an EMT process, are 
CD44 + , and exhibit gene expression profi les con-
sistent with those of CD44 + CD24 −  PCa stem cells 
[ 109 ]. While in contrast, noninvasive cells do not 
express high levels of “stemness” genes. 
Moreover, purifi ed CD44 + , but not CD44 −  cells, 
are invasive. Furthermore, the invasive cell sub-
population was tumorigenic in NOD/SCID mice, 
whereas the noninvasive cells were only weakly 
tumorigenic. Thus, these data strongly suggest 
that the stem cell-like component of cancer cells 
is responsible for invasion, the fi rst step in 
metastasis.   

   Genomic Heterogeneity 
of Prostate Cancer 

 PCa is a heterogeneous disease. Independent can-
cerous foci with distinct morphological features 
often coexist in a single prostate. The course of 
disease also varies widely; some cancers remain 
indolent for decades, while others rapidly prog-
ress to lethality. Distinct molecular features 
appear to underlie these clinical and histological 
differences. PCa may arise in multiple foci from 
independent precursor cells that are driven to 
neoplastic transformation by carcinogenic expo-
sures or genetic predisposition [ 110 ]. The pres-
ence of genomic lesions can vary between foci, 
including  TMPRSS2 - ERG  fusion,  MYC  amplifi -
cation, and  TP53  mutation [ 40 ,  70 ,  111 ]. Multiple 
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distinct clones can be identifi ed in a single biopsy 
[ 112 ], but most metastatic PCas appear to origi-
nate from a single clone within a primary tumor 
[ 113 ]. Among other lesions, subclonal  p53  muta-
tions may defi ne cells in the primary tumor with 
metastatic potential [ 111 ]. Intratumoral heteroge-
neity complicates efforts to defi ne prognostic 
mutations or expression signatures from primary 
tumors [ 114 ].  

   Prostate Cancer Biomarkers 

 There are a number of challenges in PCa man-
agement in which molecular markers are 
expected to provide signifi cant help. These 
include (1) cancer detection and the determina-
tion of who may require an initial prostate biopsy 
and who may require rebiopsy after an initial 
negative biopsy; (2) prediction of recurrence 
after initial treatment to stratify patients into risk 
groups for emerging adjuvant therapies; (3) 
detection of recurrence after treatment; and (4) 
assessing the effi cacy of treatments in advanced 
disease [ 115 ]. 

 PSA remains an inexpensive, sensitive bio-
marker for disease detection and monitoring after 
curative therapy of localized disease. The pros 
and cons of PSA testing have been extensively 
discussed in recent literature [ 116 – 118 ]. 
Advances in molecular profi ling have shifted the 
biomarker research fi eld to a number of “-omics” 
approaches, with discoveries based on aberra-
tions in DNA, RNA, or epigenetic DNA methyla-
tion states [ 119 – 121 ]. 

   Biomarkers for Screening and 
Diagnosis of Prostate Cancer 

   Germline Mutational Screening 
for Prostate Cancer Risk 
 To date, more than 50 SNPs have been proposed 
as putative risk loci for PCa, of which ~30 have 
been validated in multiple studies. Although 
each individual SNP is likely to contribute a 
minor degree to disease risk (generally <1.5-
fold), combining multiple SNPs may yield more 
informative results. In a retrospective study, 

Zheng et al. defi ned a set of fi ve disease-associ-
ated SNPs that were then combined with family 
history to predict risk (up to tenfold) for devel-
oping PCa [ 122 ]. To date, reported GWAS have 
evaluated only common inherited variants 
(minor allele frequency >1–5 % in the popula-
tion studied) and describe only a minority of the 
genetic component of risk. Coding variants in 
the homeobox B13 (HOXB13) gene, an AR 
gene cofactor, which were recently discovered 
by targeted exonic sequencing of genes in a 
region of PCa linkage at chromosome 17q21-22, 
were found in <0.1 % of controls, but 1.4 % of 
patients with a very strong family history or 
early-onset PCa [ 7 ].  

   Serum Diagnostic Markers 
  PSA : The most common current screening test 
for PCa is measurement of the serum concentra-
tion of PSA. However, there is no single thresh-
old value for PSA that can reliably distinguish 
patients with PCa from those without, and thus 
an unfortunate consequence of population-wide 
PSA screening is the cost of and morbidity from 
diagnostic biopsies in patients without cancer. 
The European Randomized Study of Screening 
for Prostate Cancer trial reported that PSA 
screening without digital rectal examination was 
associated with a 20 % relative reduction in the 
death rate from PCa but was associated with a 
high risk of overdiagnosis [ 123 ]. A GWAS 
showed an association of certain SNPs with 
higher probability of a negative biopsy in patients 
with high PSA, suggesting that PSA thresholds 
for biopsy could be personalized based on geno-
type at these loci [ 124 ]. It should be also noted 
that prostate biopsy is still the gold standard test 
with approximately 80–85 % sensitivity. This 
refl ects the reality that prostate biopsies are typi-
cally carried out in a blinded fashion and may 
miss cancer in up to 15–20 % of patients. 
Therefore the test performance (sensitivity, spec-
ifi city, and positive and negative predictive val-
ues) of molecular tests is necessarily only relevant 
to the prediction of a positive prostate needle 
biopsy and not specifi cally to the presence or 
absence of cancer [ 115 ]. 

 There has been signifi cant research into 
improving the performance of PSA, including 

17 Molecular Testing in Prostate Cancer



288

measuring % free PSA, PSA density, PSA velocity 
(PSAV), and truncated forms of PSA. PSAV and 
PSA doubling time (PSADT) have also prognos-
tic value. PSAV is defi ned as the change in PSA 
concentration per year, with a high PSAV being 
strongly associated with PCa and a ninefold ele-
vated risk of cancer-related death after prostatec-
tomy. PSADT is defi ned as the time necessary for 
the serum PSA level to double. PSADT is most 
commonly used to monitor disease progression 
after curative therapy for organ- confi ned disease. 
A more rapid PSADT (<10 months) is associated 
with reduced survival. Also PSADT may become 
a useful biomarker to better stratify patients with 
positive biopsies into risk groups such that more 
men may safely elect active surveillance as 
opposed to immediate surgery [ 125 ]. 

  Early Prostate Cancer Antigen  ( EPCA ): Early 
PCa antigen is one of the most promising new 
PCa serum biomarkers. Immunostaining of this 
antigen could differentiate men with from those 
without cancer by evaluating histologically 
normal- appearing tissue adjacent to areas of can-
cer. EPCA staining occurs only in cancer patients 
and not in normal controls. EPCA’s sensitivity 
for detecting PCa is 84 %, and its specifi city is 
85 % [ 126 ]. The value of EPCA, however, 
recently became questionable [ 127 ]. 

  Circulating Tumor Cells  ( CTCs ): One area of 
expanding investigation is CTCs. The number 
of CTCs in blood can be a biomarker for cancer 
detection, and these cells are a source of 
molecular information, such as measuring 
TMPRSS2-ERG, AR, and PTEN copy number 
status. An increased abundance of CTCs in the 
blood of castration-resistant PCa patients has 
predicted worse overall survival. However, 
detecting CTCs and extracting molecular infor-
mation are currently labor intensive and expen-
sive, and it is not known if CTC abundance in 
blood represents aggressive disease undergoing 
hematogenous spread or simply cells that have 
dislodged from the tumor bulk. Enumeration of 
CTCs, measured by the CellSearch ®  (Veridex 
LLC, Warren, NJ, USA) is the only assay that 
is analytically valid and FDA-approved for 

patient use [ 128 ,  129 ]. Technical aspects of 
CTCs are provided in the corresponding chap-
ter of this book. 

  Exosomes : Prostate-derived exosomes (also 
called prostatosomes) are small vesicles (50–150 
nm in diameter) generated from internalized 
parts of the cellular membrane, which are subse-
quently secreted into the blood, semen, or urine. 
PCa patients exhibit increased number of exo-
somes in their serum compared to men with no 
disease, and elevated levels of exosomes may 
also correlate with increasing Gleason score. PCa 
RNA biomarkers, including PCA3 and 
TMPRSS2-ERG, can also be detected in urine- 
derived exosomes from PCa patients [ 130 ]. 
Recent studies also showed that the circulating 
exosomal miRNAs can serve as cancer biomark-
ers [ 131 ,  132 ]. Although these efforts remain 
mainly research oriented at the time being, they 
provide promising future directions for bio-
marker discovery.  

   Urinary Diagnostic Markers 
   Epigenetic Markers 
  GSTP1  is a test to quantitate the methylation 
 status of GSTP1 gene in biopsy and radical pros-
tatectomy specimens and from the cells derived 
from serum, urine, and seminal plasma. GSTP1 
has been shown to be sensitive in detecting the 
presence of PIN and PCa, thereby distinguishing 
patients with these diseases from those with 
benign prostatic hyperplasia. It has 75 % sensi-
tivity and 98 % specifi city for detecting PCa in 
urine and 88 % specifi city and 91 % sensitivity in 
biopsy specimens [ 133 ]. It can help improving 
specifi city of PSA testing. 

  DAB2IP  is a Ras GTPase-activating protein 
that is downregulated in PCa due to altered meth-
ylation patterns in its promoter region. This meth-
ylation leads to transcriptional silencing and also 
may also contribute to cancer progression [ 134 ]. 

 Other putative epigenetic markers include 
pITX2, sprout 1, PMEPA1, EFEMP1, and 
PTGS2. Genome-wide methylation analysis has 
also resulted in the discovery of new epigenetic 
markers. In contrast to genomic alterations, epi-
genetic alterations can be reversed. Reactivation 
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of tumor suppressor genes by demethylating 
agents and histone deacetylase inhibitors could 
be a potential treatment option for patients with 
advanced PCa. 

 A number of studies have tested urine sedi-
ment DNA for aberrant methylation. Hoque et al. 
examined the methylation of nine gene promot-
ers and found that a combination of four genes 
(p16, ARF [p14], MGMT, and GSTP1) detected 
87 % of PCas with a specifi city of 100 % [ 135 ]. 
They suggested a four-gene combination 
(GSTP1, RASSF1a, RARB, and APC) as the best 
discriminative panel, with 86 % sensitivity and 
89 % specifi city. On testing a panel of four genes, 
Payne et al. did not fi nd a combination that sig-
nifi cantly improved performance over that of 
single biomarkers [ 136 ]. Of the markers included 
in these panels, GSTP1 methylation offered the 
best diagnostic performance. Larger clinical 
studies including a prospective screening cohort 
are warranted to validate the clinical utility of 
this approach.  

   RNA Markers 
  PCA3 : Prostate cancer antigen 3 (PCA3) is a 
noncoding RNA with expression confi ned to the 
prostate and is highly overexpressed in 95 % of 
PCa cases compared with normal or benign 
hyperplastic prostate tissue [ 137 ]. Progensa 
PCA3 (urinary RT-PCR assay for PCA3, Gen- 
Probe Inc., San Diego, CA) is a commercially 
available diagnostic test that quantitatively 
detects PCA3 RNA expression in urine and pros-
tatic fl uid after prostatic massage. A quantitative 
PCA3 score was developed to assess the proba-
bility of cancer detection in prostate biopsy. The 
score is defi ned as PCA3-RNA/PSA-mRNA 
ratio. A PCA3 score >35 in the urine correlated 
with an average sensitivity and specifi city of 
66 % and 76 %, respectively, for the diagnosis of 
PCa (compared to a specifi city of 47 % for serum 
PSA at the cut off for 65 % sensitivity). Elevated 
PCA3 scores have also been demonstrated to 
increase the probability of a positive repeat 
biopsy in men with one or two prior negative 
biopsy results [ 138 ]. PCA3 has been incorpo-
rated into an FDA-approved test. 

  α - Methylacyl Coenzyme A Racemase  ( AMACR ): 
AMACR is a commonly used immunohisto-
chemical marker for PCa which can also be 
detected in the urine of PCa patients [ 139 ]. 
AMACR, also known as P504S, is involved in 
β-oxidation of branched-chain fatty acids [ 140 ]. 
It is upregulated at both the mRNA and protein 
levels in PCa tissue [ 141 ]; however, its usefulness 
as a urine biomarker is controversial. Western 
blot analysis for AMACR was used on voided 
urine after TRUS and biopsy, showing a 100 % 
sensitivity and 58 % specifi city for PCa detection 
in patients with negative biopsy [ 139 ]. 

  TMPRSS2 - ERG : Detection of the TMPRSS2-
ERG fusion in urine has been reported to yield 
>90 % specifi city and 94 % positive predictive 
value for PCa detection, although a clinical diag-
nostic test is not yet available. Hessels et al. ana-
lyzed TMPRSS2-ETS fusion transcripts in the 
urinary sediments of 108 PCa cases and found a 
sensitivity of 37 % and a specifi city of 93 %. 
Negative and positive predictive values were 36 
% and 94 %, respectively [ 142 ]. No signifi cant 
correlation was found between the TMPRSS2-
ETS fusion transcripts and Gleason score. The 
sensitivity of a combined PCA3 and TMPRSS2-
ETS testing for detecting PCa was 73 % [ 142 ]. 
Additional studies are needed to better determine 
the association of ETS fusions with prognosis 
and disease aggressiveness, including the likeli-
hood of extraprostatic disease, Gleason score, 
and tumor volume. 

  GOLPH2 :  GOLPH2  is a gene coding for Golgi 
phosphoprotein 2, which is a Golgi membrane 
antigen. It is upregulated in about 90 % of PCa 
patients. GOLPH2 is a potential diagnostic bio-
marker that can be assayed in urine. GOLPH2 
immunohistochemical staining shows a perinu-
clear pattern that is more intense in PCa com-
pared to normal glands [ 143 ]. 

  Urinary PSA : The presence of urinary PSA after 
radical prostatectomy was shown to be associated 
with disease recurrence [ 144 ]. Studies by Irani 
et al. found that the ratio of serum to urinary PSA 
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is clinically useful, especially in the 4–10 ng/mL 
range of PSA (sensitivity of 42–84 % and speci-
fi city of 80–89 %). Other reports confi rmed the 
ability of this ratio to discriminate between BPH 
and PCa, while others were unable to reproduce 
these fi ndings. 

  Telomerase Activity : Botchkina et al. studied 
urine samples from patients with PCa using a 
quantitative PCR telomeric repeat amplifi cation 
protocol assay and reported sensitivity and speci-
fi city of 100 % and 88.6 %, respectively, for 
detection of cancer [ 145 ]. mRNA expression of 
 TERT  in urine has also been analyzed. Sensitivity 
and specifi city were only 36 % and 66 %, respec-
tively [ 146 ]. 

  Annexin A3 : Annexin A3 level in urine was com-
plementary to serum PSA level. A study showed 
that it has a potential to avoid unnecessary biop-
sies in the clinically relevant group of patients 
with negative digital rectal examination and pros-
tate-specifi c antigen in the lower range of values. 
Combined readouts of PSA and urinary annexin 
A3 were superior to all other combinations [ 147 ]. 

  MMPs : Matrix metalloproteinase MMP9 was 
independent predictors for distinguishing 
between patients with prostate and bladder can-
cers. A study found that MMPs were detected 
signifi cantly more often in urine from PCa com-
pared with healthy controls. The presence of any 
matrix metalloproteinase showed a specifi city of 
82 % and a sensitivity of 74 % for PCa [ 148 ]. 

  PIM1 : Although there is little or no PIM1 expres-
sion in the benign prostatic epithelium, there is 
signifi cant PIM1 expression in advanced PCa, 
suggesting PIM1 as a potential prognostic 
marker. It can be also a target for drug develop-
ment [ 149 ]. 

  Hepsin : The gene for hepsin encodes a type II 
integral membrane protease that has been 
observed to take part in cell migration and inva-
sion. Hepsin is upregulated in PCa. The lack of 
detection of hepsin in either urine or serum makes 
its use as a biomarker diffi cult [ 149 ,  150 ]. 

  SPINK1 : SPINK1 (also referred to as TAT1) is a 
biomarker for PCa that can be detected in pros-
tatic massage urine. Laxman et al. showed that a 
multiplexed qPCR assay including SPINK1 on 
sedimented urine from patients presenting for 
prostate biopsy or prostatectomy outperformed 
serum PSA or PCA3 alone [ 151 ]. 

  Urinary miRNAs Biomarkers : Five PCa- associated 
miRNAs (miR-107, miR-141, miR- 200b, miR-
375, and miR-574-3p) were measured in the urine 
of PCa patients and healthy controls. All of them 
were detectable in urine, but only miR-107 and 
miR-574-3p showed differential expression in 
cancer [ 152 ]. In this cohort, the diagnostic value 
of these miRNAs exceeded PCA3. miRNAs can 
also be utilized as prognostic markers. miR-141 
and miR-375 were shown to be associated with 
metastatic disease [ 152 ]. Utilizing miRNA signa-
tures rather than a single miRNAs can signifi -
cantly enhance their performance.   

   Tissue Diagnostic Markers 
 The most commonly used basal cell-specifi c 
markers in PCa are high-molecular-weight cyto-
keratin (HMWCK) and p63. HMWCK is 
expressed in virtually all normal basal cells of 
the prostate. The use of HMWCK decreased the 
“atypical” diagnosis rate from 8.3 to 0.4 % 
[ 153 ]. p63 is a nuclear transcription, the expres-
sion of which is limited to basal cells of prostate 
glands. AMACR is strongly positive in PCas 
with diffuse cytoplasmic staining or circumfer-
ential apical granular staining pattern. In con-
trast, little or no immunoreactivity was observed 
in benign glands. However, there is a wide varia-
tion in the sensitivity and specifi city of AMACR 
immunoreactivity in prostate biopsies. In addi-
tion, AMACR expression has been demonstrated 
in HGPIN [ 153 ]. (a partial list of new potential 
diagnostic markers is summarized in Box  17.2 .)  

   Molecular Predictors of Malignancy 
in Negative Biopsies 
 Several attempts were done to determine whether 
assessment of methylation of GSTP1 and/or 
other genes (e.g., APC) in DNA isolated from 
negative biopsy specimens can aid in predicting a 
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positive repeat biopsy, to avoid unnecessary 
repeat biopsies. Laboratory Corporation of 
America (Labcorp ® ) recently announced the 
availability of a commercial test using this 
approach. As with all of the other approaches that 
do not examine the cells directly under the micro-
scope, it is not clear whether the assay is detect-
ing cancer cells, HGPIN cells, or rare methylated 
atrophic cells that were not originally sampled by 
microscopic pathology sections, or, whether it is 
detecting a “fi eld effect,” whereby normal- 
appearing prostate tissues harbor molecular alter-
ations that are predictive of cancer on subsequent 
biopsies [ 154 ]. 

 A study suggested that GSTP1 that is being 
detected in negative biopsy specimens is likely to 
be un-sampled carcinoma or PIN cells that 
remain in the paraffi n block after standard histo-
logical sections have been obtained [ 154 ]. In a 
preliminary study, APC methylation status 
appeared to perform better than GSTP1 in pre-
dicting the biopsy results of a repeat biopsy in 
men with risk factors suggestive of cancer (e.g. 
high serum PSA, previous PIN, or atypical glands 
on biopsy), suggesting that APC methylation 

occurs in nonneoplastic cells and can represent a 
useful predictor of cancer. The potential of APC 
methylation to reduce unnecessary repeat 
 biopsies warrants validation in a larger prospec-
tive cohort [ 155 ]. 

  NKX3.1 : Bowen et al. reported that loss of 
NKX3.1 protein expression correlates with PCa 
progression. Complete loss of NKX3.1 was 
found in 20 % of HGPIN, 6 % of stage T1 
tumors, 22 % of stage T3/4, 34 % of hormone-
refractory cancers, and 78 % of metastatic 
lesions [ 30 ]. By contrast, Korkmaz et al. reported 
that a vast majority of prostatic adenocarcino-
mas were positive for NKX3.1 with no correla-
tion with tumor grade or stage [ 156 ]. Gelmann 
et al., reported that NKX3.1 protein was 
expressed in 66 % of primary untreated tumors, 
44 % of untreated metastatic tumors, and 27.3 % 
of castrate-resistant/hormone-refractory tumors 
[ 157 ]. Chuang et al. found that the sensitivity for 
NKX3.1 staining in high-grade prostate adeno-
carcinoma (Gleason score 8–10) ranged from 92 
to 95 % [ 158 ].  

   Metabolomics and Imaging Markers 
 Metabolomics has recently emerged as a novel 
approach to early and noninvasive PCa detection 
based on changes in the metabolites including 
citrate, polyamines, lactate, choline, creatine, 
sarcosine, and alanine [ 159 – 162 ]. The fi eld of 
imaging is continuously evolving. FDG-PET 
imaging, which measures the extent of change in 
glucose utilization in many cancer types, appears 
to be associated with increasing Gleason grade, 
clinical stage, and serum PSA level [ 163 ] 
ImmunoPET imaging for antibody drug conju-
gates offers exciting potential diagnostic applica-
tions [ 164 ]. However, these studies are based on 
relatively small cohorts of patients and the results 
require further prospective validation. 

 Radioimmunoscintigraphy (RIS) imaging 
with Indium-111 capromab pendetide 
(ProstaScint) is an alternative imaging modality 
for patients with PCa that is intended to assist in 
determining the extent and location of disease. 
For determining whether disease is present in the 
lymph nodes, RIS has a modest sensitivity 

   Box 17.2 Selected Potential Diagnostic 
Markers for Prostate Cancer 

   DNA markers 
  Hypermethylation  
  GSTP1  
  Other genes (RASSF, ARF)   

  RNA markers 
  PCA3  
  ETS gene fusions  
  AMACR  
  GOLM1  
  Telomerase activity   

  Protein markers 
  Urinary PSA  
  Annexin-3  
  Metalloproteinase  
  Sarcosine  
  Telomerase activity    
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(50–75 %) and specifi city is about 80 %. RIS has 
been proposed to be used for staging prior to 
curative treatment. For patients with biochemical 
failure following curative treatment, RIS has 
been proposed to help differentiate between local 
and distant recurrence [ 165 ].  

   Multiparametric Approaches 
to Improve Diagnostic Accuracy 
 Despite the large number of emerging molecular 
markers, none has the desired sensitivity and 
specifi city for clinical use. Hessels et al. reported 
that by combining PCA3 and TMPRSS2-ERG, 
the sensitivity of PCa detection markedly 
increased from 63 to 73 % without compromis-
ing specifi city [ 142 ]. Clark et al. observed that 
diagnostic performance to predict the prostate 
biopsy outcome might be increased by combin-
ing TMPRSS2-ERG with PSA and DRE [ 166 ]. 
Another study used four biomarkers to achieve 
66 % specifi city and 76 % sensitivity [ 151 ]. 
Similarly, ERG, PCA3, and AMACR created a 
promising PCa biomarker panel [ 167 ]. Other 
similar models have been also created [ 151 ]. 

 Incorporation of molecular markers to nomo-
grams is another interesting application. A study 
showed that adding PCA3 level in urine helps to 
improve the accuracy of nomogram that identi-
fi es men at risk of harboring PCa and assists in 
deciding whether further biopsy evaluation is 
necessary [ 168 ]. In a subsequent study Auprich 
et al. assessed the accuracy of the previously 
reported PCA3-based nomogram in a large 
European cohort of men. The nomogram helped 
identify PCa in 255 of 621 men (41.1 %) [ 169 ]. 
Other groups observed that incorporating PCA3 
improved the diagnostic accuracy of the Prostate 
Cancer Prevention Trial risk calculator.   

   Prognostic Markers 

 Distinguishing between indolent and aggressive 
PCas at the time of diagnosis would be very help-
ful in formulating the management plan. To date, 
the Gleason score has been the most commonly 
used indicator of survival. However, a number of 
patients with Gleason scores of 6 or 7 who will 

develop aggressive tumors shortly after diagnosis 
and have poor survival. A method to detect these 
patients at diagnosis would be helpful. A number 
of putative prognostic molecular markers have 
been identifi ed. There is also signifi cant interest 
in incorporating molecular markers to current 
predictive models to more precisely stratify 
patients to assess the need for therapy, the inten-
sity of therapy, and the extent of surveillance 
required either before or after initial treatment. 
However, none are currently employed in clinical 
practice. 

  AMACR  is reported to have a prognostic value. 
Decreasing AMACR levels have been linked to 
increased risk of biochemical recurrence and 
worse prognosis [ 170 ].  SPINK1  expression in 
urine is also an independent predictor of bio-
chemical recurrence after resection [ 171 ].  EZH2  
is a histone methyltransferase that interacts with 
DNA methyltransferases. It is overexpressed in 
hormone-refractory, metastatic PCa. In addition, 
clinically localized PCas that express higher con-
centrations of EZH2 show a poorer prognosis 
[ 172 ].  Cav - 1  is an integral membrane protein that 
is overexpressed in PCa cells. It has been 
observed to be upregulated in metastatic cancers 
and is related to disease progression [ 173 ]. 

 Overexpression of  HER2 and TOP2A genes , 
located on 17q, has been reported in high-grade, 
androgen-resistant cancers. TOP2A amplifi ca-
tion in advanced cancer was associated with 
androgen resistance and decreased survival by 
multivariate analysis [ 174 ]. There is also evi-
dence that PCa aggressiveness has a heritable 
component. A germline mutation has been asso-
ciated with aggressive PCa and cancer-specifi c 
mortality is located in the kallikrein-related 
peptidase 2 and kallikrein-related peptidase 3 
(PSA) intergenic region. The PCa-risk SNP 
rs2735839 (G) was one of the six loci that were 
associated with higher PSA levels in patients 
without PCa [ 124 ]. 

 Certain genetic alterations have been also cor-
related with poor prognosis, including amplifi ca-
tion of the MYC locus at 8q24 and p53 
overexpression. The impact of other known 
genetic alterations on clinical behavior of tumors 
remains unclear and somewhat controversial; for 
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example, TMPRSS2-ERG has been implicated 
as both a negative and positive prognostic marker. 
While ETS gene fusions seem to drive PCa devel-
opment, their contribution to progression and the 
behavior of advanced cancers remain unclear. 

 Expression signatures have been proposed 
that delineate histologically aggressive disease or 
predict outcome independently of clinical vari-
ables. However, the overlap between signatures 
from independent studies is moderate. Some 
genomic alterations appear to have prognostic 
value as well. The  TMPRSS2 - ERG  fusion,  MYC  
amplifi cation, and  PTEN  or  TP53  deletion pre-
dict cancer-specifi c death [ 175 ]. 

 Recently, 11 National Cancer Institute-funded 
prostate SPORE (Specialized Projects of 
Research Excellence Awards) programs have 
begun to accrue moderate- to high-risk patients 
with PCa to a prospective study ( n  = 700). This 
study will hopefully determine whether selected 
markers applied to prostate needle biopsies may 
be clinically useful to predict outcome beyond 
typical clinic-pathological measurements such 
as Gleason score, serum PSA, and number of 
positive cores. 

 Other prognostic markers include loss of the 
PTEN tumor suppressor or gain of ETS transcrip-
tion factor gene fusions. PTEN deletion is associ-
ated with poor outcome and hormone-refractory 
disease. Combining multiple biomarkers was 
also investigated, e.g., PTEN deletion with the 
TMPRSS2-ERG fusion. Two independent groups 
found that patients with neither lesion had a 
favorable prognosis. However, the combination 
of both lesions did not result in augmented worse 
prognosis. Inconsistency among studies can be 
attributed to the different techniques used (for 
example, genetic deletion of the PTEN locus vs. 
loss of protein expression) or the different criteria 
to assess outcome. Other markers tested in com-
bination with PTEN loss include tumor protein 
p27 gene loss, hemoxygenase-1 overexpression, 
and HER2/3 overexpression. A four-protein sig-
nature, PTEN, SMAD4, cyclin D1, and SPP1, 
was found to predict biochemical recurrence 

signifi cantly better than Gleason score alone. 
A recent study also identifi ed a miRNA signature 
that can distinguish between patients with early 
vs. late biochemical failure based on miRNA 
expression profi le [ 95 ].     

    Molecular Subtyping Based 
on Gene Expression Profi ling 

 Gene expression profi ling is an attractive new 
tool that allows tumor subclassifi cation based on 
simultaneous analysis of many genes and thus the 
biological behavior of the tumor. A number of 
studies reported gene expression signatures that 
correlate with poorer prognosis in retrospective 
analysis. However, the overlap between gene lists 
generated in these studies was minimal and has 
yet to be validated for clinical use. 

 A recent study clustering analysis of gene 
expression was able to classify PCa into biological 
subgroups with distinct prognosis [ 175 ]. Two hun-
dred and eighty one tumors from the active sur-
veillance cohort were robustly stratifi ed into fi ve 
molecular subtypes based on their gene expres-
sion profi les. The class with the worst survival 
outcome is characterized by an embryonic stem 
cell signature together with p53 and PTEN inacti-
vation signatures and strong proliferation and 
MYC activation signals (ESC | p53− | PTEN−). 
Although this group is enriched for high Gleason 
scores (55 %), this molecular signature and 
Gleason score-based classifi cations are clearly not 
identical and not dependent as variables [ 175 ]. 

 Given the proven importance of the Gleason 
score in prediction clinical course, Penney et al. 
assessed gene expression differences in Gleason 
≤6 versus Gleason ≥8 cancers to help predict 
clinical behavior in patients with Gleason 7 can-
cer by similarity to more or less aggressive dis-
ease [ 176 ]. Another study analyzed the miRNA 
expression profi les and identifi ed a number of 
miRNAs that are differentially expressed between 
Gleason grades 3–5 and can serve as prognostic 
biomarkers (our data, submitted for publication).  
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   Personalized Medicine in Prostate 
Cancer 

 Molecular analysis is now being investigated as a 
tool to identify predictive markers for PCa. The 
PI3K-PTEN signaling pathway is a noteworthy 
example [ 177 ]. PTEN loss of function has been 
observed in 40–70 % of advanced PCa, accompa-
nied by frequent alterations in the pathway net-
work such as INPP4B, PHLPP, and PIK3R1 [ 99 ]. 
The fact that PTEN-null prostate tumors respond 
to inhibition of PI3K has demonstrated the pos-
sible role of PTEN loss as a predictive biomarker 
in clinical trials testing PI3K pathway inhibitors 
[ 178 ]. Like other targeted therapies, resistance 
eventually occurs, leading to treatment failure. 
For instance, c-Myc elevation confers resistance 
to PI3K inhibitors [ 179 ] and overrides the mTOR 
dependence of prostate lesions arising from con-
stitutive AKT activation [ 180 ]. More importantly, 
allelic loss of PTEN and gain of c-Myc coexisted 
in 3 % human PCa, suggesting innate resistance 
to PI3K inhibitors in this subtype [ 181 ]. Thus, 
deciphering the genetic makeup of prostate 
tumors may facilitate patient stratifi cation for 
PI3K-targeted therapies. Indeed, biomarker-
driven drug development has been encouraged by 
the regulatory authorities as exemplifi ed by the 
fast-track approval of Trastuzumab for the treat-
ment of Her2-positive breast cancer. 

 Recently, a feasibility study was published 
showing the value of a comprehensive sequenc-
ing strategy to obtain multimolecular level data 
that is then integrated to answer the question of 
the eligibility of metastatic patients with refrac-
tory or end-stage disease to certain clinical trials. 
Thus the assignment of specifi c patients to their 
most potentially useful clinical trials can be based 
on biological signatures rather than anatomical 
location of the tumor [ 182 ].     
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           Genomics of Urinary Bladder 
Cancer 

    Chromosomal Aberrations 

 Loss of heterozygosity (LOH) and deletions of 
chromosome 9 are the most frequently described 
genetic alteration in more than 50 % of UC. LOH 
of 9q and 9p are reported more in low-grade non-
invasive papillary tumors and urothelial hyperpla-
sia than carcinoma in situ and invasive cancers. 
Even the adjacent normal-appearing urothelium 
harbors these chromosomal abnormalities. Other 
studies, however, detected chromosome 9 deletions 
in both low-grade urothelium and CIS lesions, 
indicating that this abnormality cannot distinguish 
between noninvasive and high-grade invasive 
types [ 1 ]. Therefore, chromosome 9 deletions may 
set the stage for tumorigenesis and contribute to 
both pathways of urothelial carcinogenesis by 
 predisposing urothelial cells to a cascade of 

genetic alterations. Chromosome 9 contains criti-
cal regions that harbor tumor suppressor genes on 
both 9p and 9q regions. For instance, p16 (cyclin-
dependent kinase inhibitor 2A,  CDKN2A ) resides 
on 9p21.3 and encodes two alternatively spliced 
products, INK4A and ARF, which induce cell 
cycle arrest through the retinoblastoma protein 
and p53 signaling pathways. Other candidate 
genes include  PTCH  (9q22),  DBC1  (9q32-33), 
and  TSC1  (9q34) [ 2 ,  3 ]. 

 The importance of trisomy 7 as a tumor- 
associated aberration remains controversial, 
since it has been also found repeatedly in some 
unquestionably nonneoplastic lesions. Trisomy 7 
can lead to increased number of alleles of the epi-
dermal growth factor (EGF) receptor gene [ 4 ]. 

 Deletion of the p arm and gain of the q arm of 
chromosome 8 are reported in UC. LOH of 8p is 
associated with more aggressive tumors. The 
8p21-22 locus contains several candidate genes, 
including DBC2, LZTS1, and TRAIL-R2 [ 5 ,  6 ]. 
A commonly gained region in 8q24 involves the 
c-myc proto-oncogene. Higher c-myc copy num-
ber was associated with advanced tumor stage 
and grade [ 7 ]. 

 Chromosome 11 polysomy and amplifi cations 
of 11q13 have been reported in 70 % of bladder 
tumors. The 11q13 locus contains several candi-
date genes including cyclin D1, EMS1, FGF3, and 
FGF4 [ 8 ]. Polysomy 17, gene amplifi cation, 
and HER2/neu protein overexpression are associ-
ated with poor prognosis. Bolenz et al. found 
that HER2-positive muscle-invasive urothelial 
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 carcinoma was at twice increased risk for recur-
rence and cancer-specifi c mortality in multivari-
ate analyses [ 9 ]. Mechanisms other than gene 
amplifi cation may be also responsible for HER2/
neu protein overexpression. 

 In muscle-invasive tumors, there is associa-
tion between metastasis and 10q loss (a region 
that harbors  PTEN ). In preclinical models, LOH 
within PTEN locus on chromosome 10 appears 
to be much more common in muscle invasive 
compared to superfi cial tumors, and a genetic 
signature of PTEN loss predicts poor clinical 
prognosis with metastasis [ 10 ]. Alteration 5p13 
region, which results in downregulation of a can-
didate tumor suppressor gene DOC-2/DAB2, has 
also been reported in bladder cancer.  

    Epigenetic Alterations 

    DNA Methylation 
 Widespread instability of DNA promoter meth-
ylation was reported in 86 % of UC and occurs 
frequently in upper genitourinary tract tumors 
(94 %) than in bladder tumor (76 %). Hyper-
methylation of CpG islands is associated with 
transcriptional repression of tumor suppressor 
genes and was commonly found in invasive 
tumors. A number of tumor suppressor genes, 
including  p 16,  CDH1 ,  CDH13 ,  INK4A  
( CDKN2A ),  RASSF1A ,  APC ,  ARF ,  MLH1 , and 
 DAPK , have been reported to be frequently 
hypermethylated. Hypermethylation of  CDH1 , 
 CDK2AP2 , or  RASSF1A  in urine sediment DNA 
was detected in 85 % of superfi cial low-grade 
bladder tumors, 79 % of high-grade tumors, and 
75 % of invasive bladder cancer [ 11 ]. 

 Many of the hypomethylated loci are non- 
CpG island promoters of tissue-specifi c genes 
and may lead to increased potential for gene 
activity or chromosomal instability and are found 
in noninvasive tumors. In addition to global 
hypomethylation of repetitive elements, such as 
long interspersed nuclear elements (LINE-1) 
[ 12 ], a study has demonstrated that a specifi c 
LINE-1 located within the mesenchymal- 
epithelial transition factor (MET) oncogene 

(L1-MET) is hypomethylated and transcriptionally 
active in UC, accompanied by the presence of a 
nucleosome-depleted region (NDR) just 
upstream of the transcription start site (TSS), 
active histone marks, and the histone variant 
H2A.Z [ 13 ].  

    miRNAs and Urothelial Carcinoma 
 Dysregulated miRNAs have been reported in 
bladder cancer and may confer a “tumor signa-
ture” that can be exploited for diagnostic pur-
poses [ 14 ]. Several recent reports have shown 
that miRNAs are associated with tumor stage, 
grade, as well as prognosis, although investigating 
the utility of miRNA as diagnostic tools are lim-
ited. Hanke et al. reported that miR-126: miR- 
152 ratio enabled the detection of bladder cancer 
in urine samples with 82 % specifi city and 72% 
sensitivity [ 15 ].    

    Molecular Pathways of Urothelial 
Carcinoma 

 Recent evidence supports the presence of two 
distinct pathways of UC (Fig.  18.1 ). The majority 
of tumors (70 %) are superfi cial noninvasive low- 
grade tumors which are often multifocal with 
high recurrence rate. These tumors infrequently 
progress to muscle invasion (10–15 %). Muscle- 
invasive disease (Stages pT2–pT4), on the other 
hand, represents 20 % of tumors with approxi-
mately 50 % chance of developing metastases. 
Most invasive tumors arise through sequences of 
events starting from normal to dysplasia, to carci-
noma in situ, and then to invasion. Stage pT1 
tumors have lamina propria invasion and repre-
sent 10–20 % of cases. A signifi cant number of 
these pT1 tumors recur with muscle-invasive dis-
ease and require radical treatment. The molecular 
changes in T1 high-grade tumors are challenging 
and complex. They have overlapping molecular 
features between the above two groups.

   As summarized in Box  18.1 , a number of  critical 
molecules/pathways were reported to be associated 
with noninvasive superfi cial urothelial carcinoma 
including FGFR3, phosphatidylinositol-3 kinase 
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  Fig. 18.1    Recent evidence suggests that there are two 
biologically distinct pathways of urothelial tumor patho-
genesis. The majority of the tumors follow the superfi cial 
noninvasive pathway of tumorigenesis, where as ~20 % 

show unique alterations of the high-grade, muscle-inva-
sive pathway. High-grade T1 tumors exhibit alterations 
that are overlapping between these two pathways       

  High-grade lesions may have  PTEN  and 
 p16  loss as well.  

  Changes in the microenvironment pro-
mote invasion and progression 
though aberrant N- and E-cadherin 
expression and production of vascu-
lar endothelial growth factor.       

(PI3K)/AKT pathway, and RAS/mitogen- 
activated protein kinase (MAPK) pathway. In 
invasive UC, changes are related to cell cycle and 
a number of tumor suppressor genes, including 
p53, p16, and RB. 

    FGFR3 Pathway 

 Seventy to 80 % of low-grade noninvasive papil-
lary urothelial carcinomas exhibit activating 

   Box 18.1: Summary of the Most Common 

Molecular Abnormalities in Low-Grade and 

High-Grade Urothelial Tumors 

 –     Low-grade tumors:
   The most frequent activating mutations 

detected in low-grade tumors consti-
tutively upregulate the activity of 
receptor- tyrosine kinase- RAS 
pathway.  

  Overexpression of FGFR-3 in up to 70 % 
of tumors, HRAS in 30–40 % and 
PIK3CA in 10 %.     

  Chromosome 9 loss is seen in both low- 
grade and high-grade tumors.  

 –   High-grade tumors:
   The deletion and mutation of tumor sup-

pressor genes  p53  and  pRB  are the 
most frequent abnormalities in high-
grade tumors and contribute to tumor 
progression.  

(continued)
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fi broblast growth factor receptor 3 (FGFR3) 
mutations compared to 10–20 % of invasive 
tumors. Mutations between the IgII and IgIII 
domains (exon 7) are by far the most common, 
accounting for 50–80 % of all mutations of 
FGFR3. Mutations affecting the transmembrane 
domain (exon 10) account for 15–40 %, and those 
affecting tyrosine kinase 2 domain (exon 15) 
account for 5–10 %. FGFR3 activation triggers 
several downstream kinase pathways [ 16 ]. 

 High-grade tumors with FGFR3 mutation 
have unique histologic features characterized by 
a bulky, exophytic component with branching 
papillary architecture as well as irregular nuclei 
with a koilocytotic appearance which can facili-
tate the identifi cation of this subset of tumors 
[ 17 ]. Tomlinson et al. reported that 42 % of 
tumors with no detectable mutation showed 
overexpression of the wild-type receptor, includ-
ing many muscle-invasive tumors [ 18 ]. Activated 
FGFR3 can also trigger the  STAT  pathway and 
interact with proline-rich tyrosine kinase 2 
( PYK2 ), leading to further STAT pathway acti-
vation [ 19 ].  

    RAS 

 Mutations in  HRAS  constitutively activate the 
 HRAS  protein and enable propagation of the 
growth factor signal. Earlier studies showed that 
 HRAS  mutations dominate over  KRAS  mutations 
in bladder cancers. A recent study, however, 
showed that  KRAS  and  HRAS  mutations occurred 
with equal frequency [ 20 ].  NRAS  mutations are 
not frequent in bladder cancer. Mutations in 
HRAS are primarily associated with non-muscle- 
invasive disease.  

    PI3K/AKT Pathway 

 The PI3K/AKT pathway regulates a number of 
biological activities, including cellular growth, 
survival, and proliferation [ 21 ]. Activated FGFR3 
triggers the downstream PI3K pathway. PI3KCA 

hot spot mutations in codons 542, 545, and 1047 
have been found in approximately 20 % of super-
fi cial bladder tumors in contrast to a very low 
incidence in invasive cancers.  PIK3CA  mutations 
tend to occur in a subset of cases harboring 
 FGFR3  mutations. The lower prevalence of 
 PIK3CA  mutations in muscle-invasive tumors 
further strengthens the notion that papillary non-
invasive and muscle-invasive tumors are two dif-
ferent molecular entities [ 22 ].  

    TSC1, TSC2, and the mTOR Pathway 

 The tumor suppressor gene TSC1 has been 
reported to be mutated in 16 % of UC [ 23 ]. TSC1 
is a negative regulator of them TOR pathway, 
which is important for cell proliferation and is fre-
quently activated in tumors including UC. 
Notably, TSC1 is regulated by AKT1 and is there-
fore a potential downstream target of the FGFR3 
signaling pathway. Additional proteins in this 
pathway include PIK3R1, PTEN, and TSC2. 
PIK3R1 is a negative regulator of PIK3CA while 
PTEN is a negative regulator of AKT1. TSC2 
forms a complex with TSC1 that functions as a 
negative regulator of the mTOR pathway. So far 
no mutation data on  PIK3R1  or  TSC2  in UC is 
available. Sjödahl et al. reported  APC / CTNNB1  
mutations in both  FGFR3  and  p53  wild-type and 
mutated cases, indicating that activation of the 
APC/CTNNB1 signaling pathway occur indepen-
dent of  FGFR3  and  TP53  mutations. All detected 
 APC  mutations were missense mutations [ 23 ].  

    p53 Pathway 

 p53 mutations induce a series of downstream 
effects, including decreased expression or loss of 
p21, leading to cell cycle arrest. This important 
downstream target of p53 is downregulated in the 
majority of urothelial carcinomas with p53 muta-
tions. Multiple codons seemed to be preferen-
tially mutated, including codons 280 and 285. 
These two mutations are rare in other epithelial 
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tumors, suggesting that they are urothelial 
 specifi c. Accumulation of p53 within the nucleus 
and p53 gene mutations is very common in high- 
grade invasive urothelial carcinoma (>50 %) and 
fl at CIS. In addition, p53 has been implicated as 
an important predictor of recurrence, progres-
sion, and survival of patients with high-grade 
recurrent superfi cial papillary UC, independent 
of tumor grade and stage [ 24 ]. 

 In addition to mutational inactivation, p53 can 
be functionally inactivated by MDM2. UC over-
expresses this oncoprotein which is more fre-
quent with high-grade than low-grade tumor 
[ 25 ]. The molecular changes in T1 high-grade 
tumors are challenging. In one study, these 
tumors had  FGFR3  mutations in only 16.8 % of 
cases, whereas inactivating p53 mutations occur 
in 58 %, supporting the notion that these tumors 
resemble invasive bladder cancers at the molecu-
lar level [ 26 ].  

    RB Gene and Cell Cycle 

 The Rb protein is a key player in regulating the 
G1-S phase of cell cycle. LOH of Rb gene 
locus is associated with a higher grade and 
stage tumors. Moreover, there is generally 
either a lack of Rb expression or overexpres-
sion of a hyperphosphorylated version of the 
protein. In both situations, Rb is dysfunctional, 
leading to an increase in cell proliferation [ 25 ]. 
Also, CDK activity is reduced through interac-
tion with several small inhibitor proteins as 
p15/INK4b, p16/INK4a, p21, p27, and p57 in 
bladder cancer.  

    Epidermal Growth Factor Receptor 
and the RAS-MAPK Pathway 

 Cancer progression is associated with dysregula-
tion of signaling pathways of various growth fac-
tors and pro-infl ammatory cytokines such as 
EGF, transforming growth factor-β (TGFβ) and 
interleukin-6 (IL-6). EGFR activation leads to 
downstream signaling that infl uences cell prolif-
eration, angiogenesis, invasion, and metastasis. 

Several pathways participate in EGFR signaling 
such as PI3K, extracellular signal-regulated 
kinase (ERK), and MAPK [ 27 ]. 

 In normal urothelium EGFR is expressed only 
by the basal cells, and EGF is physiologically 
excreted in the urine, but a layer of EGFR- 
negative cells prevents its binding to EGFR. The 
disruption of this barrier allows ligand-receptor 
binding, which may play a role in tumorigenesis. 
In invasive UC, there is continuous activation of 
the RAS-MAPK pathway, typically through the 
activation of EGFR. MAPK regulates cell prolif-
eration and survival. Binding of EGF causes acti-
vation of already overexpressed EGFR. The 
activated receptor then recruits proteins that acti-
vate RAS which can transmit a mitogenic signal 
via the RAS-MAPK pathway. The function of 
activated RAS protein can be inhibited by a 
tumor suppressor gene, RASSFIA which is usu-
ally methylated in bladder cancer [ 28 ]. 

 EGFR expression level correlates with 
higher tumor grade and stage, disease progres-
sion, and worse prognosis in UC. Many studies 
showed that EGFR overexpression is an inde-
pendent predictor of survival and disease-spe-
cifi c mortality [ 27 ]. Black and Dinney 
concluded that EGFR and HER2 expressions 
appear to indicate poor prognosis, while HER4 
and FGFR3 are favorable prognostic indicators 
[ 29 ]. Another study revealed that high EGFR 
or low HER4 expression was associated with 
non-papillary, high- grade, and invasive tumors, 
as well as with signifi cantly lower recurrence-
free and overall survival. HER2 and HER3 
were not associated with overall or recurrence-
free survival [ 30 ].     

     Molecular Aspects of Multifocality 
and Heterogeneity 

    Cancer Stem Cells 

 Cancer stem cells (CSCs) are a subpopulation of 
tumor cells with tumor-initiating potential, self- 
renewal properties, and the ability to generate 
cellular tumor heterogeneity via differentiation. 
CSCs do not necessarily arise from embryonic 
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stem cells; they can be also derived from 
 differentiated progenies that have acquired 
tumorigenic properties via genetic or epigenetic 
alteration. Evidence suggests that CSCs in blad-
der urothelial carcinomas can give rise to bio-
logical heterogeneity within a tumor by 
differentiating into different downstream differ-
entiated tumor cells. 

 Advances relating to molecular and functional 
characterization of CSCs in UC have revealed 
insights into understanding a two-pathway model 
of carcinogenesis. Ho et al. demonstrated that 
CK14+ cells constitute a subpopulation of CK5+ 
basal cells and could represent a stem cell popu-
lation. UC with a higher frequency of CK14+ 
CSCs have been associated with poor survival. It 
was also shown that activation of the STAT3 sig-
naling pathway directed urothelial cells towards 
the CIS-invasive urothelial carcinoma pathway. 
STAT3-driven invasive urothelial carcinomas are 
heavily populated with primitive CK14+ stem 
cells. Additionally, retrospective studies have 
demonstrated the potential of several CSC mark-
ers particularly CK14, ALDH1A1, and p63 as 
prognostic markers for stratifying high-risk blad-
der UC. It seems probable that low-grade nonin-
vasive urothelial carcinomas arise from a more 
differentiated cell of origin, whereas invasive car-
cinomas arise from more primitive cells [ 31 ]. 

 A study has shown that the tumorigenic poten-
tial of CD44+ cells is higher than CD44− cells 
from the same tumor [ 32 ]. Ho et al. identifi ed a 
panel of 477 genes upregulated in CD44+ CSCs 
(referred to as a bladder CSC gene signature) 
[ 31 ], which can be highly reliable for predicting 
clinical outcomes. Additionally, CSC gene 
 signatures can be used to identify subgroups of 
patients with noninvasive bladder cancers who 
are at risk of shorter progression-free survival. 
Another study showed that high-grade poorly dif-
ferentiated UC have an enriched embryonic stem 
cell gene signature, although this signature did 
not effectively segregate noninvasive from inva-
sive carcinomas [ 33 ]. These fi ndings suggest that 
genes that are upregulated in CSCs could have a 
key role in bladder cancer cell invasion, whereas 
genes enriched in embryonic stem cells are asso-
ciated with poorly differentiated tumors.  

    Multifocality, Heterogeneity, 
and Recurrence 

 One of the important features of UC is the high 
frequency of synchronous and metachronous 
multifocal occurrence. It is common for UC to be 
associated with surrounding abnormal urothe-
lium that ranges from dysplasia to CIS. There are 
two hypotheses to explain multifocality; the fi rst 
is the “fi eld cancerization effect” where the entire 
bladder urothelium is exposed to carcinogens 
causing independent transforming genetic altera-
tions at different sites of the urothelial lining 
leading to multiple genetically unrelated tumors 
[ 34 ]. The second hypothesis is a monoclonal the-
ory suggesting that multiple tumors arise from a 
single transformed progenitor cell that prolifer-
ates and spreads throughout the urothelium either 
by intraluminal implantation or by intraepithelial 
migration. Multiple tumors might be character-
ized by early genetic instability and loss of cell 
adhesion, leading to the migration of neoplastic 
cells through wide areas of the urothelium [ 35 ]. 
Many studies investigating multifocal urothelial 
lesions have demonstrated a monoclonal origin. 
Other studies have shown that fi eld cancerization 
contributes to urothelial carcinogenesis as well, 
leading to “oligoclonal” tumors. The term “oligo-
clonality” should be preferred over polyclonality 
because the number of unrelated clones detected 
in a single tumor is usually low [ 36 ]. 

 Also, it has been suggested that expansion of 
tumor cells could be a late event in pathogenesis, 
following acquisition of complex genetic 
 alterations, but still can occur before clinical 
manifestation of the disease. After initial carcino-
genesis, clonally related tumor cells can accumu-
late additional genetic alterations, resulting either 
in intratumoral genetic heterogeneity or the 
development of topologically distinct subclones 
with different genetic alterations [ 36 ]. 

 With the discovery of CSCs, the fi eld cancer-
ization concept has been modifi ed. It is now sug-
gested that clonal expansions of different CSCs 
result in multifocality and recurrent tumors. 
Current data suggest that UC recurrence may 
arise from CSCs remaining in an affected fi eld 
after gross tumor ablation. Most current therapies 
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eliminate differentiated cells, which are more 
sensitive to therapy than CSCs. Clonal expansion 
of fugitive CSCs results in the recurrent neo-
plasm wherever the surviving cells fi nd a favor-
able niche [ 37 ]. 

 The remaining urothelium in bladder with 
cancer is no longer normal, but instead it has 
undergone widespread epigenetic alterations 
mainly consisting of aberrant hypermethylation, 
which can be responsible for such high recur-
rence rate in some cases. Altered methylation of 
a signifi cant number of loci was observed not 
only in tumors but also in normal-appearing uro-
thelium taken at least 5 cm away from the corre-
sponding primary tumor, with the majority of the 
loci, such as ZO2, MYOD1, and CDH13, being 
aberrantly hypermethylated [ 38 ]. In one study, 
145 loci displayed a trend of increasing methyla-
tion in invasive tumors and 41 loci were methyl-
ated in noninvasive tumors [ 13 ].  

    Molecular Mechanisms of Aggressive 
Behavior 

 Superfi cial urothelial tumors almost invariably 
display an “epithelial” phenotype, whereas 
muscle- invasive tumors are heterogeneous. The 
sarcomatoid phenotype is relatively rare and 
occurs in less than 10 % of high-grade invasive 
bladder cancers. Such tumors are characterized by 
complex chromosomal abnormalities, pronounced 
aneuploidy, and clinical aggressiveness. These 
tumors exhibit epithelial to mesenchymal transi-
tion (EMT) associated with partial or complete 
loss of epithelial phenotype and the development 
of mesenchymal features. The hallmark feature of 
EMT is loss of E-cadherin, which is the canonical 
marker of an “epithelial” phenotype. EMT can be 
induced by a variety of developmental signals, but 
TGFβ is the best-studied stimulus [ 39 ]. 

 Many tumor microenvironmental changes are 
considered features of invasive urothelial tumor 
pathways. These include decreased cell-cell 
adhesions. Loss or reduced expression of 
E-cadherin is seen in 78 % of high-grade invasive 
UC. Hypermethylation of CpG in the promoter 
which encodes E-cadherin occurs in 84 % of UC. 

In vitro studies showed that forced expression of 
N-cadherin in E-cadherin-expressing urothelial 
carcinoma cell lines increased their invasiveness; 
therefore, a competing effect can be expected, 
and the net effect will depend on the qualitative 
ratio and functional status of both molecules. 
Also, matrix metalloproteinases (MMPs) particu-
larly MMP99 and MMP2 are increased in urine 
and serum of patients with invasive tumors. Other 
mechanisms include increased angiogenesis and 
overexpression of cyclooxygenase 2 [ 16 ].  

    Divergent Differentiation 
in Urothelial Carcinoma 

 Urothelial carcinoma can demonstrate divergent 
differentiation to glandular, squamous, or other 
elements. The relationship between urothelial 
carcinoma and its various divergent elements has 
been investigated recently. Molecular genetic 
evidence has emerged supporting a close rela-
tionship between urothelial carcinoma and vari-
ous divergent elements [ 40 ]. Two principal 
theories have been proposed. One is that diver-
gent elements develop initially as monoclonal 
proliferations derived from a single multipotent 
CSC, subsequently diverging into morphologi-
cally distinct components. The second theory 
proposes that these components are similar to the 
main tumor only in their location and synchrony, 
and both develop independently from two sepa-
rate CSCs of different histologic types.   

    Molecular Profi ling and Biological 
Classifi cation of Urothelial Tumors 

 High-throughput analysis of various levels of 
molecular changes in urothelial tumors showed 
the potential of developing new classifi cation 
based on gene and chromosomal aberrations 
rather than morphology. Earlier studies showed 
the existence of two distinct groups of UC based 
on chromosomal alterations [ 16 ]. Recently Hurst 
et al. [ 40 ] showed presence of distinct genomic 
changes between low-grade pTa tumors (with 
low complexity of chromosomal changes, 
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 frequent FGFR3 mutation, and infrequent p53 
mutations) and muscle-invasive cancers (with 
more complex chromosomal changes, infrequent 
FGFR3 mutations, and frequent p53 mutations). 

 Furthermore, hierarchical clustering analysis 
of high-grade stage T1 tumors showed that they 
can be separated into three major subgroups that 
differ with respect to copy-number alterations, 
FGFR3, and p53 mutation status. The fi rst cluster 
had frequent FGFR3 mutations (70 %), with few 
chromosomal alterations. Tumors of the third 
cluster were FGFR3 wild-type and mostly p53 
mutant (71 %), with more complex chromosomal 
changes but strikingly low frequency of chromo-
some 9 loss. The second cluster had fewer altera-
tions than the third cluster but showed the highest 
rate of stage progression/metastasis [ 40 ]. 

 Integrated genomic analysis also showed that 
FGFR3 mutant tumors are more chromosomally 
stable than their wild-type counterparts, and a 
mutually exclusive relationship between FGFR3 
mutation and overrepresentation of 8q was 
observed in non-muscle-invasive tumors. In 
muscle- invasive tumors, metastasis was posi-
tively associated with losses of regions on 10q 
(including PTEN), 16q, and 22q and gains on 
10p, 11q, 12p, 19p, and 19q. Concomitant copy- 
number alterations positively associated with p53 
mutation in muscle-invasive tumors [ 40 ]. 

 Microarray gene expression analysis showed 
the presence of distinct, clinically relevant sub-
groups. In a study by Blaveri et al., unsupervised 
hierarchical clustering successfully classifi ed 
tumors into two subgroups containing superfi cial 
(pTa and pT1) versus muscle-invasive (pT2–pT4) 
tumors. Also, supervised classifi cation had a 
91 % success rate separating superfi cial from 
muscle- invasive tumors based on expression of a 
gene panel. Tumors could also be classifi ed into 
transitional versus squamous subtypes (89 % 
success rate) and good versus bad prognosis 
(78 % success rate) [ 41 ].  

    Molecular Markers for Screening, 
Early Diagnosis, and Surveillance 

 The standard practice in the follow-up of patients 
with UC requires cystoscopy at regular intervals. 
Cytology is the most widely used noninvasive 
test. Cytology is very specifi c but limited by its 
low sensitivity (28–100 %). In recent years, a 
number of urinary markers are investigated for 
their potential utility in early tumor detection or 
follow-up of bladder cancer. The scope of appli-
cations of molecular markers in bladder cancer is 
summarized in Fig.  18.2 . They can be divided 
into two categories based on whether urine 
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  Fig. 18.2    The scope of applications of molecular testing 
in urothelial tumors is broad. Molecular markers either 
alone or combined with clinical parameters can signifi -

cantly improve treatment decision and patient outcome at 
multiple steps of the disease process       
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 (soluble urine markers) or exfoliated cells 
 (cell- associated markers) are used for the assay. 
To date, six urine markers have been approved 
for clinical use in the detection of bladder cancer. 
ImmunoCyt/uCyt™ and UroVysion™ are cur-
rently the most common commercial markers 
used in the clinical setting.

      Soluble Urine Markers 

     1.     Nuclear matrix proteins : NMP-22 is an 
FDA- approved quantitative sandwich ELISA 
test. The sensitivity is 50–70 % and specifi c-
ity is 60–90 %. It has lower sensitivity to 
detect low-grade tumors (30–50 %). False-
positive cases are seen in infl ammatory con-
ditions [ 42 ].  BLCA - 4 and BLCA - 1  are 
promising markers for bladder cancer, with a 
high sensitivity and specifi city. BLCA-4 is 
measured in urine using ELISA. Sensitivity 
ranges between 89 and 96 %, with 100 % 
specifi city [ 43 ,  44 ].   

   2.     Bladder tumor - associated antigen  ( BTA ): The 
 BTA test  (BardéBion Diagnostics) is an agglu-
tination assay that qualitatively detects the 
presence of complexes of disrupted basement 
membrane in patient’s urine. Advantages 
include high sensitivity for invasive tumors. 
Disadvantages are the high rate of false- 
positive results due to infl ammatory conditions 
and a low overall sensitivity for lower-grade 
tumors.  BTA - Stat  is a point-of- care immunoas-
say using two monoclonal antibodies to detect 
human complement factor H-related protein 
that is frequently released into urine by urothe-
lial neoplasms. It has 36–89 % sensitivity and 
90 % specifi city.  BTA - TRAK  is a quantitative 
ELISA assay [ 45 ,  46 ].   

   3.     HA - HAse  is an ELISA-like test that combines 
the analysis of hyaluronic acid and hyaluroni-
dase. HA-HAse is expressed by tumors and is 
involved in angiogenesis, tumor growth, and 
invasion. The test has a high sensitivity to 
detect low- and high-grade and stage tumors. 
In one study, HA-HAse was reported to have 

83 % sensitivity, 78 % specifi city, 64 % posi-
tive predictive value, and 90 % negative pre-
dictive value [ 47 ].   

   4.     Survivin  is an antiapoptotic endogenous pro-
tein which is a promising marker for the diag-
nosis and follow-up of bladder cancer. The 
sensitivity and specifi city for detecting recur-
rence were 100 % and 78 %, respectively [ 48 ]. 
Urinary assays detecting Survivin mRNA by 
RT-PCR have shown sensitivities ranging 
from 53 to 94 % and specifi cities from 88 to 
100 %. This protein also correlates with unfa-
vorable prognosis. It is associated with higher- 
stage, lymphovascular invasion, lymph node 
metastasis, and recurrence in patients treated 
with radical cystectomy [ 49 ].   

   5.     Mutations in the FGFR3  occur in 50 % of 
primary bladder tumors and is associated 
with good prognosis. FGFR3 mutations are 
especially prevalent in low-grade/stage 
tumors, with pTa tumors harboring muta-
tions in 85 % of cases. van Oers et al. [ 50 ] 
described a simple assay for the simultane-
ous detection of nine different FGFR3 muta-
tions in bladder cancer and voided urine with 
62 % sensitivity. Zuiverloon et al. evaluated 
the ability of FGFR3 mutation in voided 
urine to detect recurrences during surveil-
lance in patients with low-grade non-muscle-
invasive tumors. The assay sensitivity (58 %) 
was higher than urinary cytology only but 
still far from perfect [ 51 ].      

    Cell-Based Markers 

    Molecular and Protein Assays 
 1.  Microsatellite DNA analysis: Microsatellites 

are short tandem DNA repeats (2–4 bp) found 
throughout the human genome. Microsatellite 
DNA loci are useful markers for the detection 
of LOH and microsatellite instability (MSI). 
In UC, LOH is often found in chromosome 4p, 
8p, 9q, 9p, 11p, 13p, 16q, and 17p. The test is 
carried out by PCR. This test offers interesting 
sensitivities (72–97 %) and specifi cities 
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(80–100 %) but requires expensive equipment 
and trained  personnel. Studies reported that 
deletions in 9q21 correlated with invasive 
tumor growth. LOH at 18q21.1 and 9p21-22 
correlated with poor prognosis and higher 
death rate. Microsatellite analysis of urine 
samples has been used for surveillance after 
treatment. The 2-year risk of developing recur-
rence reached 83 % if microsatellite results 
were persistently positive and declined to 22 
% when result of microsatellite analysis was 
persistently negative. 

 Studies showed that MSI was observed in 
73 % of tumors at BAT-26, BAT-40, D2S123, 
D9S283, D9S1851, and D18S58 loci. Good 
association of MSI was seen with stage and 
grade. MSI-high (instability at >30 % of loci) 
was frequently observed in high-stage (41 %) 
and high- grade (59 %) tumors. MSI is a good 
prognostic marker that correlates with risk of 
recurrence in superfi cial (Ta-T1) tumors irre-
spective of the grade [ 52 ]. 

 2.  Telomerase activity assessment: Urine telom-
erase activity is a good marker for early detec-
tion and follow-up of bladder tumors. The 
expression of the telomerase subunits such as 
human telomerase reverse transcriptase 
(hTERT) and human telomerase RNA compo-
nent (hTR) may be associated with tumor 
development and progression. The hTERT/
GAPDH ratio and hTERT mRNA/total RNA 
were signifi cantly lower in superfi cial com-
pared to invasive bladder tumors. The hTR/
GAPDH mRNA ratio and hTR mRNA/total 
RNA were signifi cantly lower in superfi cial 
compared to invasive tumors. The hTERT, but 
not hTR mRNA expression, signifi cantly cor-
related with tumor grade [ 53 ]. The telomeric 
repeat amplifi cation protocol assay for telom-
erase in exfoliated cells has 70–86 % sensitiv-
ity and 60–90 % specifi city [ 54 ]. 

 3.  Cytokeratins: Major tests include the UBC test 
(a sandwich ELISA targeting cytokeratins 8 
and 18), the cytokeratin 20 test (RT-PCR analy-
sis) and CYFRA 21-1 (an immunoradiometric 
and electrochemiluminescent assay targeting 
cytokeratin 19). Their use is, however, limited 
by their high false-positive rates [ 54 ]. Studies 
have shown that CK20 has 78–87 % sensitivity 

for detecting bladder cancer in urine. The spec-
ifi city of CK20 ranges from 56 to 98 % [ 55 ]. 
Mckenney et al. suggested the use of CK20 
along with p53 markers for distinguishing CIS 
from reactive atypia which show sensitivity of 
82–87 % in detecting UC [ 56 ].  

    Cytology-Based Tests 
     1.     The UroVysion ™ is a multitarget multicolor 

fl uorescent in situ hybridization (FISH) assay 
that is developed for the determination of 
chromosome specifi c anomalies in cells 
obtained from urine specimens. Two types of 
probes are used:  centromeric numeration 
probes  to detect urinary cells that have chro-
mosomal numerical abnormalities consistent 
with a diagnosis of bladder cancer (chromo-
somes 3, 7, and 17) and  locus-specifi c probes  
to detect specifi c mutations in known tumor 
suppressor genes, like 9p21 which harbors 
p16. Studies have shown that UroVysion is 
more sensitive than urine cytology for the 
detection of all stages and grades of bladder 
cancer. It is FDA approved for the detection of 
new or recurrent bladder cancer in voided 
urine specimens. Recent studies also suggest 
that UroVysion may be useful for assessing 
superfi cial bladder cancer patients’ response 
to BCG therapy and in detecting upper tract 
urothelial carcinoma. Moonen et al. showed 
that sensitivity and specifi city were 39 % and 
90 %, respectively, for UroVysion™, 41 and 
90 % for cytology, and 42 and 68 % for quan-
titative cytology. When the UroVysion™ test 
and cytology were combined, sensitivity 
increased to 53 %, but specifi city decreased to 
80 %. Detection of Ta tumors was equal for 
cytology and UroVysion™ (27 %); detection 
of T1 and T2–T4 by UroVysion™ was 60 % 
and 50 %, respectively. Detection of grade 1, 
2, and 3 tumors by UroVysion™ was 21 %, 37 %, 
and 67 %, respectively [ 57 ]. The test was also 
particularly useful at predicting tumor recur-
rence. In patients with a history of UC and 
negative cystoscopy, UroVysion™ predicted 
recurrence in 39 % of patients with a positive 
cytology test and in 21 % of patients with a 
negative test [ 58 ]. In another study, 27 % of 
patients under UC surveillance without 

M.Y. Gabril and G.M. Yousef



311

 evidence of tumor recurrence had a positive 
UroVysion™, and 65 % of these patients had 
recurrent carcinoma within 29 months [ 59 ].   

   2.     ImmunoCyt / uCyt ™ is a very promising 
FDA- approved fl uorescence test that com-
bines three monoclonal antibodies against 
mucin- like antigens (M344, LDQ10, and 
19A211) [ 60 ]. A major advantage of this test 
is its sensitivity to detect both low-grade and 
high- grade tumors. ImmunoCyt/uCyt™ sen-
sitivity reached 79 % for grade 1, 84 % for 
grade 2, and 92 % for grade 3 tumors [ 61 ]. 
Limitations of this test are that it is operator 
dependent, time-consuming, and requires at 
least 500 cells to call a case negative. Test 
sensitivity is 53–100 % and specifi city is 
64–95 %. Whereas up to 50 % of patients 
were either negative or suspicious by cytol-
ogy, all CIS are detected by combining cytol-
ogy and ImmunoCyt/uCyt™ [ 62 ]. The test is 
less sensitive in the follow-up of patients 
under BCG therapy; however, the combina-
tion with cytology leads to sensitivity of 
100 % for recurrences. ImmunoCyt/uCyt™ 
may also help to predict UC recurrence. 
With a history of urothelial tumor and nega-
tive cystoscopy, 18 % of patients with posi-
tive test developed a recurrence 2–6 months 
after the negative cystoscopy; compared to 7 
% only in those with negative test. Forty-
seven percent of test positive developed a 
recurrence at 1 year, as opposed to 12 % of 
those who are negative [ 63 ].   

   3.     DNA fl ow cytometry and digital imaging anal-
ysis  ( DIA ): DNA ploidy studies demonstrate 
that the majority of low-grade papillary uro-
thelial carcinomas are diploid or near-diploid 
while most of the high-grade and invasive UC 
are aneuploid. Aneuploid cells can be detected 
by DNA fl ow cytometry or DIA. The sensitiv-
ity of fl ow cytometry is limited by the fact it 
will fail to detect UC cells if small proportion 
of aneuploid cells are represented in urine. In 
DIA, cells are stained, followed by image 
analysis to assess aneuploid cells. Cajulis 
et al. showed that sensitivity of DIA and fl ow 
cytometry are 91 and 72 %, compared to 61 % 
for cytology, and specifi cities are 83 and 
80 %, compared to 100 % for cytology [ 64 ].       

    Emerging Urine Biomarkers 

 1.  DNA methylation: The fi rst study demonstrat-
ing the feasibility of diagnosing bladder can-
cer through methylation analysis using DNA 
from voided urine came from Chan et al. [ 65 ]. 
A panel of markers (DAPK, RARβ, 
E-cadherin, and p16) was analyzed by methyl-
ation-sensitive PCR and showed 91 % sensi-
tivity and 76 % specifi city. Subsequently, 
studies have reported methylation markers 
with an increased sensitivity but a lower spec-
ifi city compared to cytology. In another study, 
a panel of markers (DAPK, BCL2, and TERT) 
achieved a sensitivity of 78 % and a specifi c-
ity of 100 % [ 66 ,  67 ]. 

 The advantages of DNA methylation 
include stability and sensitive detection by 
real-time PCR. In a study by Reinert et al., a 
four-marker panel (ZNF154, HOXA9, 
POU4F2, and EOMES) achieved a sensitivity 
of 84 % and a specifi city of 96 % [ 68 ]. Another 
study identifi ed a subset of genes specifi cally 
methylated in non-muscle- invasive UC recur-
rences. A four-gene panel (APC_a, TERT_a, 
TERT_b, and EDNRB) achieved an area 
under the receiver operating characteristic 
curve (AUC) of 0.82 in the test set and 0.69 in 
the validation set [ 69 ]. 

 2.  miRNAs: miRNAs represent ideal bladder 
cancer biomarkers since they are secreted in 
urine, require little handling care, and are 
more stable against nuclease degradation due 
to their small size. Recently, urinary miRNA 
expression was reported, and the upregulation 
of miRs-126, 182, and 199a was found to dis-
tinguish bladder cancer patients from disease-
free controls. The combination of miR-126 
and -182 identifi ed up to 77 % of bladder can-
cer cases. Larger-scale validations are neces-
sary to further defi ne these markers [ 67 ,  70 ]. 

 To summarize, DNA methylation markers 
have the highest sensitivity (94 %) followed 
by ImmunoCyt (81 %), NMP22 (69 %), 
UroVysion (64 %), and cytology (38 %). 
Cytology has the highest specifi city (94 %) 
followed by NMP22 (81 %), ImmunoCyt (75 %), 
UroVysion (73 %), and DNA methylation 
markers (66 %). 
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 3.  Circulating tumor cells: Due to imprecise 
clinical staging, the fi nding of extravesical 
and node-positive disease at the time of 
radical  cystectomy for patients with clini-
cally localized bladder cancer is not 
uncommon. Circulating tumor cells 
(CTCs) have been shown to be present in 
the peripheral blood of patients with meta-
static urothelial carcinoma. Guzzo et al. 
detected CTCs in low numbers in 21 % of 
patients prior to radical cystectomy. CTC 
status was not a robust predictor of extra-
vesical or node-positive disease in this 
cohort, with sensitivity, specifi city, and 
PPV of 27 %, 88 %, and 78 %, respectively 
[ 71 ]. Several bladder cancer cell markers 
such as Uroplakin II (UPII), CK20, EGFR, 
and MUC-7 have been analyzed for use as 
candidate detection molecules found in 
CTCs. The sensitivity of these techniques 
is high, but their specifi city for diagnostic 
purposes remains debatable [ 72 ].   

    Molecular Predictors of Outcome 
of Bladder Cancer 

 Lymph node metastasis is an important determi-
nant of survival in patients with muscle-invasive 
UC. Histologically undetected micrometastasis 
may be present in regional lymph nodes. A study 
evaluated the expression of UPII, an urothelial- 
specifi c gene, in perivesical and lymph node sam-
ples at radical surgery as a predictor of clinical 
recurrence [ 73 ]. Pathologically node-negative 
cases had a UPII perivesical positivity of 27 % 
and a lymph node positivity of 33 %. UPII node 
positivity was a signifi cant predictor of tumor 
recurrence in multivariate analysis. Marin- 
Aguilera et al. identifi ed a number of genes which 
could indicate dissemination to lymph nodes [ 74 ]. 
The combination of FXYD3 and KRT20 yielded 
a 100 % sensitivity and specifi city differentiating 
lymph nodes with urothelial cancer dissemination 
from controls. The combined expression of both 
genes allowed the identifi cation of urothelial cells 
in lymph nodes in 21 % of patients with histologi-
cally negative lymph nodes [ 74 ]. 

 Plastiras et al. reported that both p53 and 
PCNA were signifi cant predictors of disease- 
related mortality in superfi cial tumors compared 
to tumor grade, size, and multiplicity. They were 
not, however, of prognostic signifi cance in inva-
sive tumors [ 75 ]. p21 status is an independent 
predictor of recurrence and survival after RC. 
Moreover, patients with p53-altered/p21- negative 
tumors have a higher rate of recurrence and worse 
survival than those with p53-altered/p21-positive 
tumors [ 76 ]. 

 p27 is the second most powerful cell cycle 
regulator after p53 for prediction of recurrence 
and survival in patients with muscle-invasive 
bladder cancer treated with radical cystectomy. 
However, it has limited predictive value in non-
muscle- invasive disease. Furthermore, the status 
of individual cell cycle regulators did not add sig-
nifi cantly to predictions of outcome in patients 
with advanced disease (node positive and T4). 
Studies found that Ki-67 proliferation index is an 
independent predictor of recurrence-free survival 
among pTa and pT1 tumors [ 77 ]. In muscle- 
invasive disease, Ki-67 overexpression was sig-
nifi cantly associated with advanced stage, higher 
tumor grade, lymphovascular invasion, lymph 
node metastasis, as well as both disease recur-
rence and cancer-specifi c mortality. Higher 
expression of Ki-67 appears to correlate with 
decreased expression of p27/kipl and lower 
cyclin E. These features are observed in poorly 
differentiated tumors, muscle invasion, lymph 
node metastasis, and poor survival. Also Ki-67 
expression correlated with the recurrence in 
superfi cial tumors [ 78 ]. Studies have shown that 
more accurate prediction of outcome can be 
achieved by combinations of markers as p53, Rb, 
and CDKs like p16 and p21. Alterations of two or 
more of these molecules cause a signifi cant 
increase in recurrence and shorter survival. 

 A summary of the tissue-based prognostic 
markers is shown in Table  18.1 . Studies have 
shown that any single molecular biomarker will 
not provide reliable prognostic stratifi cation, and 
there is a strong trend towards simultaneous 
assessment of multiple biomarkers and incorpo-
rating both clinical and molecular parameters 
to improve prediction of bladder cancer outcome. 
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A nomogram incorporating urinary NMP22, 
cytology, age, and gender was able to predict with 
high accuracy the probability of disease recur-
rence and progression in patients with non-muscle- 
invasive bladder cancer (  www.nomogram.org    ). 
Assessment of a panel of p53, Rb, p21, p27, and 
cyclin E1 in radical cystectomy specimens 
improved the prediction of recurrence and survival 
in patients with pTa-3N0M0 disease [ 79 ]. Addition 
of a number of biomarkers increased the predic-
tive accuracy of nomograms based on the TNM 
staging system for disease recurrence and cancer-
specifi c mortality by 11 % [ 79 ].

   Individual mutations in FGFR3 or PIK3CA 
and the different mutated combinations FGFR3- 
PIK3CA/AKT1 and PIK3CA-RAS can activate 
the AKT. Combinations of mutated genes in the 
RAS-MAPK and PI3K-AKT signaling pathways 
represent mutually exclusive events. FGFR3 
mutations and the FGFR3-PIK3CA combined 
mutation, but not single PIK3CA mutation, char-
acterize low-grade bladder tumors, and mutations 
in PIK3CA-KRAS and AKT1 are present exclu-
sively in high-grade tumors [ 17 ]. 

 Bcl-2, caspase-3, p53, and survivin have a 
cooperative effect on progression of bladder cancer 
[ 80 ]. Higher VEGF expression was associated with 
increasing tumor stage, grade, progression, and 
recurrence in patients treated with transurethral 
resection [ 81 ]. Recently, it has also been showed 
that VEGF is overexpressed in a large number of 
patients treated with radical cystectomy. 

 Thrombospondin-1 (TSP-1) is a potent inhibi-
tor of angiogenesis that is independently associ-
ated with disease recurrence and all-cause 
mortality after cystectomy. Grossfeld et al. 
reported that p53 alterations are associated with 

low TSP-1 expression, and these patients are 
more likely to demonstrate high microvessel den-
sity [ 82 ]. Microvascular density is a surrogate 
marker for angiogenesis and has also been shown 
to be a prognostic marker associated with highest 
risk of recurrence and cancer-specifi c mortality 
in muscle-invasive cancer. Also, vascular density 
was associated with p53 alterations [ 82 ].  

    Targeted Therapy 

 Results of clinical trials of targeted agents for 
urothelial cancers thus far have generally been 
disappointing, and to date, no biologic agents 
have been approved either as monotherapy or in 
combination with cytotoxic chemotherapy for 
advanced UC, despite the identifi cation of genetic 
alterations thought to drive high-grade, muscle- 
invasive disease. Classes of agents in recent and 
ongoing clinical trials include antiangiogenic 
antibodies;,multitargeted tyrosine kinase inhibi-
tors against VEGFR2 and PDGFR, EGFR and 
HER2 inhibitors, and other inhibitors targeting 
mTOR, FGFR3, IGFR1, and Src. Novel vaccine 
strategies are also being tested. 

 Multiple agents are available that target angio-
genesis and the VEGF pathway. Agents such as 
bevacizumab, which targets VEGF, and sunitinib 
and sorafenib, which target the VEGF receptor, 
are being tested in advanced urothelial cancer. To 
enhance the success of targeted antiangiogenic 
therapy, new strategies include the combination 
of multiple inhibitors against different targets or 
the use of single inhibitors directed against mul-
tiple targets [ 83 ]. 

 Clinical trials evaluating EGFR targeting ther-
apy are limited. Inhibitory monoclonal antibod-
ies raised against the extracellular domains of 
EGFR, Erb-B-1, and Her-2/neu have been tried, 
but the results were not very promising. Similarly, 
results of a phase II evaluation of cisplatin, gem-
citabine, and gefi tinib as fi rst-line treatment for 
advanced urothelial carcinoma showed no 
improvement in response rates or survival [ 84 ]. 

 FGFR-3 and IGF1R are known to be overex-
pressed in urothelial carcinoma and may repre-
sent clinically useful therapeutic targets. 
TKI12458 is currently being studied in a phase II 

   Table 18.1    Tissue-based prognostic markers in bladder 
tumors   

 Molecular mechanisms  Markers 

 Cell cycle  p53, pRb, Ki-67, p21, p27, 
cyclins 

 Apoptosis  Fas (CD95), caspase-3, 
Bcl-, survivin 

 Angiogenesis  MVD, thrombospondin-1, 
VEGF, bFGF 

 Signaling proteins  EGFR, FGFR3 
 Hormone receptors  HER2, AR, ER 
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trial as second- and third-line therapy for patients 
with FGFR-3 mutated and wild-type urothelial 
carcinoma [ 85 ]. 

 Molecular-based testing can be also used for 
predicting treatment effi ciency. A prospective 
trial incorporating p53 status in the selection of 
adjuvant chemotherapy for patients with muscle- 
invasive, node-negative urothelial carcinoma fol-
lowing radical cystectomy failed to demonstrate 
prognostic or predictive value of p53. In contrast, 
a recent report of over 3,000 patients demon-
strated that p53 had predictive value in advanced 
bladder cancer but not in superfi cial (Ta) disease. 
As a mechanism to overcome platinum resis-
tance, overexpression of p53 through adenoviral 
gene transfer has been successful in human blad-
der cancer cell lines and demonstrated synergy 
with cisplatin. Adenoviral p53 gene transfer has 
also been combined with the use of antisense oli-
godeoxynucleotide targeting of the antiapoptotic 
gene clustering in a bladder cancer model in nude 
mice where it resulted in eradication of tumors 
and lymph node metastases following treatment 
with cisplatin, suggesting that this strategy may 
have clinical effi cacy [ 83 ]. 

 A vaccine against survivin, an inhibitor of 
apoptosis protein (IAP) that targets caspases, was 
recently tested in a phase I trial and was shown to 
be safe without adverse events reported. While 
this trial was not designed to assess clinical effi -
cacy, one patient experienced a slight reduction 
in tumor burden, and fi ve patients had a signifi -
cant increase in the peptide-specifi c CTL fre-
quency [ 86 ].     
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           Introduction 

    Several differentiated tumor subtypes can arise 
from the thyroid gland, including papillary thy-
roid carcinoma (PTC), follicular thyroid carci-
noma (FTC), and medullary thyroid carcinoma 
(MTC). Each of these tumors demonstrates both 
unique clinical and pathological features and 
genetic mutations, as shown in Table  19.1 . Well- 
studied molecular models of tumor progression 
from normal thyroid follicular cells to well- 
differentiated thyroid malignancies include the 
mitogen-activated protein kinase (MAPK) [ 1 ] and 
the phosphatidylinositol-3 kinase (PI3K) signal-
ing pathways [ 2 ]. The MAPK pathway includes 
well-known oncogenes and tumor suppressor 
genes, including the rearranged during transfec-
tion (RET) tyrosine kinase [ 3 ]; Rat Sarcoma 
(RAS) isotypes H, N, and K [ 4 ]; and serine/ 
threonine-protein kinase B-Raf (BRAF) [ 5 ], all of 
which have been linked to the development of 
PTC. The PI3K pathway also includes RET, RAS, 
in addition to p110a (PI3KCA) [ 6 ], inhibitory 
phosphatase and tensin homolog (PTEN) [ 7 ], and 
protein kinase B (AKT) [ 8 ]; the latter pathway is 

thought to be a signifi cant driver in FTC. MTC is 
primarily a RET oncogene- driven disease and is 
often a hereditary disease. Besides MAPK and 
PI3K, other signaling transduction pathways are 
also under investigation (primarily the mamma-
lian target of rapamycin (mTOR) pathway) [ 9 ] for 
their potential involvement in the development of 
poorly differentiated and anaplastic thyroid carci-
nomas (ATC). Depending on the type of cancer 
within the thyroid gland, molecular diagnostics 
can have several roles in the diagnosis and man-
agement. Given the broad range of molecular 
aberrations, different technologies have recently 
been proposed in the workup of thyroid cancer. 
As such, each role of molecular diagnostics is 
described separately from diagnosis through 
prognosis and management. The newest applica-
tion of molecular markers—preoperative diagno-
sis of thyroid nodules—is described last because 
it builds on knowledge developed in the specifi c 
tumor subtypes.

      Papillary Thyroid Carcinoma 

    Diagnostics 
 Approximately 45 % of PTC tumors harbor the 
 BRAF  point mutation V600E (c.1799T > A), 
approximately 20 % harbor clonal RET/PTC 
translocations, and approximately 10 % harbor 
 RAS  mutations [ 10 ,  11 ].  BRAF  is the strongest 
known activator of the MAPK signaling pathway 
[ 12 ]. The associated high frequency and the spec-
ifi city of the V600E mutation in PTC are thought 
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to be useful in the diagnosis of this malignancy. 
Additionally, there is some evidence that the 
 incidence of  BRAF  mutations in PTC is increas-
ing [ 13 ] and that such mutations could be related 
to environmental exposures, including iodide 
excess [ 14 ,  15 ] and volcanic ash [ 16 ]. In contrast, 
 RET / PTC  translocations are known to be associ-
ated with ionizing radiation [ 17 ,  18 ] and are thus 
relatively uncommon in PTC cases unassociated 
with radiation exposure. These translocations 
involve fusion of the  RET  oncogene with an 
active promoter, which leads to the overproduc-
tion of a functionally intact  RET  tyrosine kinase 
[ 19 ]. The two most common  RET / PTC  transloca-
tions— RET / PTC1  and  RET / PTC3 —are paracen-
tric intra chromosomal inversions in the long arm 
of chromosome 10 [ 20 ]. Numerous other  RET /  
PTC  translocations have also been described 
[ 21 – 25 ], all of which result from translocation of 
an activating promoter from a chromosome other 
than chromosome 10. 

   BRAF 
  BRAF  mutational analysis is rapidly becoming 
 routine in thyroid surgical pathology specimens. 
While Sanger sequencing [ 26 ] is the traditional 
gold-standard method for mutational analysis, 
this method has largely been replaced by pyrose-
quencing [ 27 ], since the latter is faster, more 
 sensitive, and more quantitative [ 28 ]. Pyro-
sequencing involves a “sequencing by synthesis” 
approach that follows a preset program of 

deoxynucleotide triphosphate injections (called 
a dispensation sequence) into a reaction vessel 
containing the template DNA and DNA poly-
merase; when a synthesis occurs, the DNA is 
extended by one nucleotide, and the liberated 
pyrophosphate is converted to light through 
 sulfurylase, luciferin, and luciferase [ 29 ]. When 
used with a well- designed dispensation sequence 
coupled with data interpretation software, pyro-
sequencing can identify most mutants without 
the need for any additional testing [ 30 ]. 

 As the demand for  BRAF  testing grows, direct 
and indirect cost considerations become impor-
tant. Direct costs such as polymerase chain reac-
tion (PCR) amplifi cation and assay-specifi c 
reagents will likely decrease as more protocols 
become available and are streamlined. However, 
the pre-analytical, indirect costs, such as special-
ized PCR-compatible microtomy and PCR-clean 
workspaces, involve substantial labor and infra-
structure expenditures that will likely not decrease 
over time. Thus, low-cost alternatives to sequenc-
ing are highly desirable. In a recent small trial, a 
monoclonal antibody specifi c for the mutant  BRAF  
V600E protein performed better than Sanger 
sequencing [ 31 ] for mutation identifi cation. While 
cost-effective, the monoclonal antibody specifi city 
is limited to the V600E epitope and so can miss 
some clinically relevant but less common  BRAF  
mutations [ 32 ]. Additionally, the associated immu-
nohistochemical interpretation is a visual and pos-
sibly subjective process for which standardization 
and guidelines do not exist. Regardless of these 
drawbacks, the monoclonal antibody carries a the-
oretical advantage in that the genetic mutation can 
be seen directly in the tumor cells and absent in 
cells that do not  harbor the mutation.  

   RET/PTC Translocation 
  RET / PTC  translocations can be detected with 
karyotyping, southern blotting, interphase fl uo-
rescence in situ hybridization, reverse trans-
cription PCR (RT-PCR), in situ hybridization, or 
immunohistochemistry. An excellent review com-
pares and contrasts these techniques in greater 
detail [ 25 ]. Data about the incidence of  RET / PTC  
translocations is confounded by the availability 
and use of numerous analytical methods and the 
fact that sensitive techniques such as RT-PCR 

   Table 19.1    Most common mutations for the most 
 common histological types of thyroid cancer   

 Histological type  Most common mutations 

 Papillary thyroid 
carcinoma 

  BRAF  
  RAS  (isotypes H, N, and K) 
  RET / PTC  translocation 

 Follicular thyroid 
carcinoma 

  RAS  (isotypes H, N, and K) 
  PAX8 / PPARγ  translocation 
  PIK3CA  

 Medullary thyroid 
carcinoma 

  RET  

 Anaplastic thyroid 
carcinoma 

  RAS  (isotypes H, N, and K) 
  BRAF  
  PIK3CA  
  p53  
  β -catenin 
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detect these translocations in a small percentage 
of non-clonal tumors.  RET / PTC  translocations 
have also been detected in benign thyroid tissue, 
which limits the diagnostic usefulness of this 
marker [ 33 ]. Accurate detection of the  RET / PTC  
translocations is also confounded by the possibil-
ity of numerous distinct breakpoints, many of 
which may not be detected by standard assays: 
currently, the presence of  RET / PTC  translocations 
is most commonly assayed using RT-PCR, with 
primers that fl ank only the most well-characterized 
fusion points in the  RET  oncogene [ 34 ].   

    Prognosis and Management 
 Among the various mutations associated with 
PTC, only  BRAF  mutational status has been asso-
ciated with tumor behavior. Aggressive tumor 
characteristics, including local tumor invasion, 
advanced disease stage at diagnosis, and the pres-
ence of distant metastases, have been correlated 
with the  BRAF  V600E mutation [ 35 ,  36 ]. 
Similarly,  BRAF  V600E mutation frequency has 
been linked to aggressive histological PTC sub-
type: in one study, 83 % of tumors demonstrating 
tall cell histology, an aggressive PTC variant, 
harbored the  BRAF  V600E mutation, while this 
mutation was found to be much less frequent 
in the more indolent follicular variant [ 37 ]. 
Postoperative radioiodine therapy, which has 
been shown to increase survival in advanced 
stage PTC, appears to be less effi cacious in the 
context of  BRAF  mutation. This is presumably 
the result of decreased tumor cell iodine avidity 
and may be mediated by  BRAF -directed repres-
sion of the sodium-iodine symporter gene [ 38 ,  39 ]. 
In keeping with these fi ndings,  BRAF  mutation 
has been associated with disease-specifi c mortal-
ity: a recent multi-institutional study found that 
80 % of PTC-related mortalities in their series were 
associated with the  BRAF  V600E mutation [ 40 ]. 

 Despite these fi ndings, controversy remains 
regarding the relationship between  BRAF  
 mutational status and aggressive PTC behavior. 
A recent multivariant analysis did not reveal a 
relationship between  BRAF  V600E mutational 
status and the presence of central neck lymph 
node metastases [ 46 ]. Moreover, interpretation of 
studies in which the  BRAF  V600E mutation has 
been linked to aggressive PTC clinicopathologic 

features is limited in most cases by  retrospective 
design, by inconsistent and unstandardized cen-
tral neck dissection use, and by failure to subcat-
egorize according to histological subtype [ 47 ]. 
Further, positive correlations between  BRAF  
mutation and PTC behavior are almost always 
based on univariate analysis and should thus be 
interpreted with caution. 

 Surgical resection that remains the standard 
treatment for PTC and total thyroidectomy, with 
or without postoperative radioiodine therapy, is 
indicated in all cases (regardless of mutational 
status). Compartment-oriented lymph node dis-
section at the time of thyroidectomy should be 
performed whenever cervical lymph node meta-
stasis is discovered preoperatively, usually by 
neck ultrasound or physical exam [ 41 ]. 
Prophylactic lymph node dissection of the central 
neck (level 6), the most probable initial site of 
PTC metastasis at the time of thyroidectomy, has 
been advocated as a means of decreasing PTC 
recurrence and improving disease-specifi c sur-
vival [ 42 ]. Some experts hypothesize that  BRAF  
V600E mutation may be associated with an 
increased risk of central neck nodal metastasis 
[ 36 ,  43 ]. However, other studies refute this asso-
ciation [ 44 ,  45 ]. Similarly, studies examining the 
need for postoperative radioiodine therapy on 
the basis of  BRAF  mutational status have yet to 
be reported. Taken together, the preponderance 
of data does not yet support specifi c alterations in 
the surgical or postsurgical management of PTC 
based on genetic abnormalities, and additional 
studies defi ning this relationship are needed.   

    Follicular Thyroid Carcinoma 

    Diagnostics 
   PAX8/PPARγ 
 Approximately 50 % of FTC cases harbor a 
 RAS  mutation and 30 %, a translocation of the 
paired homeobox protein 8 gene and peroxisome 
proliferator-activated receptor subtype-γ  PAX8 /  
PPARγ , t(2;3)(q13;p25) [ 11 ,  46 ].  RAS  mutations 
are part of the paradigm of MAPK and PI3K 
 signaling pathways and function as drivers of thy-
roid  cancer while the oncogenic signifi cance of 
 PAX8 / PPARγ  is less clear. There is some evidence 
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that the PPARγ moiety is more oncogenic than is 
the PAX8 component. This hypothesis is based 
on the fi nding of another translocation [CREB3L2/
PPARγ t(3;7)(p25;q34)] [ 47 ] in FTC that involves 
the same breakpoint in the  PPARγ  gene, the fact 
that several PAX8 breakpoints have been 
described in the  PAX8 / PPARγ  translocation and 
the breakpoint within the PPARγ gene is uni-
formly conserved [ 46 ]. If PPARγ is responsible 
for mediating oncogenesis, it is unclear whether 
malignancy results from PPARγ over- or underac-
tivity [ 48 ] and thus how therapeutics might 
be designed for PPARγ-associated FTC [ 49 ]. 
Regardless, this translocation appears to correlate 
well with FTC morphology and is also seen in the 
follicular variant of PTC [ 50 ], a subtype that 
demonstrates both FTC and PTC histopathologi-
cal features and behaves clinically like FTC. 
There is little evidence showing a therapeutic or 
prognostic usefulness in detecting either muta-
tions or translocations in FTC, including the 
 PAX8 / PPARγ  rearrangement. In addition,  PAX8 /  
PPARγ  translocations are known to occur in some 
follicular adenomas [ 51 ], benign neoplasms that 
overlap cytomorphologically with FTC.   

    Prognosis and Management 
 While the presence of the PAX8/PPARγ translo-
cation in a follicular adenoma may provide some 
clues about an associated progression to carci-
noma, the clinical relevance of this translocation 
remains unclear. Even if PAX8/PPARγ has a role 
in the evolution of follicular adenomas to FTC, 
the latency and probability of such a progression 
has yet to be investigated. For these reasons, con-
sideration of mutational status has not yet been 
shown to be useful in directing the clinical man-
agement of patients with FTC, and total thyroid-
ectomy, with or without radioiodine therapy, is 
indicated in all cases.   

    Medullary Thyroid Carcinoma 

    Diagnostics 
   RET 
 In contrast to the diverse mutation profi les 
 associated with PTC and FTC, MTC appears to 
be purely a  RET  oncogene-associated tumor. 

MTC has a special place in the history of cancer 
genetics, as assays identifying germline  RET  
oncogene mutations were some of the fi rst clini-
cally applicable genetic tests to be developed for 
the diagnosis of multiple endocrine neoplasia 
type 2 (MEN2) and, more recently, familial 
MTC [ 52 ,  53 ]. Assessment of  RET  gene muta-
tions can be used to estimate the risk of MTC 
development among relatives of patients diag-
nosed with MTC and thus may guide serum cal-
citonin surveillance (serum calcitonin levels are 
frequently elevated in MTC patients) and/or the 
need for prophylactic thyroidectomy [ 54 ,  55 ]. 
Although  RET  oncogene mutations are also 
found in approximately one half of sporadic 
MTC tumors, verifying the absence of a  RET  
mutation in a patient with  sporadic MTC obvi-
ates the need for family screening. Finally, in the 
postoperative setting,  RET  mutations are becom-
ing increasingly useful in directing additional 
clinical management; several different tyrosine 
kinase inhibitors show promise in the treatment 
of disseminated disease [ 56 ]. The  RET  oncogene 
has numerous gain-of- function germline muta-
tions, including mutations in exons 10, 11, 13, 
14, 15, and 16, and all of these are associated 
with MTC [ 52 ,  57 ,  58 ]. Thus, assays detecting 
 RET  mutations must be suffi ciently multiplexed 
in order to capture all mutations. The majority of 
 RET  polymorphism assays are designed to 
 identify germline mutations where analytical 
sensitivity is less of a concern than for tissue and 
fi ne needle aspiration (FNA) analysis. Sanger 
sequencing [ 59 ], pyrosequencing [ 60 ], and dena-
turing high-performance liquid chromatography 
[ 61 ] methods have all been described and each is 
used routinely.   

    Prognosis and Management 
 As is the case for PTC and FTC, surgical resec-
tion is the treatment standard for MTC. All spo-
radic MTC cases should be managed with total 
thyroidectomy and prophylactic central neck 
(Level VI) dissection, with more extensive lateral 
neck  dissection reserved for cases in which nodal 
metastases are detected laterally [ 62 ]. Cases in 
which hereditary transmission of  RET  mutations 
is suspected require identifi cation of the specifi c 
 mutations involved. Because the penetrance of 
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hereditary MTC can approach 100 %, the goal of 
surgery in these cases is to prevent disease devel-
opment through prophylactic thyroidectomy. 
Further, because correlations between specifi c 
hereditary  RET  gene mutations and disease 
course have been well defi ned, the surgeon can 
optimize timing of prophylactic surgery to mini-
mize the probability of disease development and 
spread. Aggressive mutations, such as those 
involving codons 883, 918, and 922, for example, 
merit prophylactic thyroidectomy with central 
neck dissection within the fi rst month of life, 
while surgery may be deferred up to the age of 5 
years when the causative mutation is limited to 
codons 611, 618, 620, 634, or 891 [ 63 ,  64 ].   

    Poorly Differentiated and Anaplastic 
Thyroid Carcinoma 

   Diagnostics 
 The molecular genetics of poorly differentiated 
thyroid cancer and ATC are not well understood. 
This is due to the relative rarity of these diseases 
and to diffi culty standardizing inclusion criteria for 
studying these tumors (in light of their signifi cant 
morphological heterogeneity) [ 65 ]. Thus, much of 
the research to date has focused on models of pro-
gression whereby well-differentiated thyroid can-
cers may evolve into ATC and current evidence 
suggests that progression to ATC from well-differ-
entiated disease occurs more frequently than does 
de novo development of  anaplastic tumors.  

   Prognosis and Management 
 Evidence regarding the prognostic signifi cance 
of molecular changes in these very aggressive 
tumors is lacking, so routine genetic analysis is 
not the standard of care and does not guide clini-
cal management. One study has shown that  RAS  
mutations portend a poor prognosis in ATC, 
although only 53 patients were evaluated [ 66 ]. 
Other mutations overlapping between ATC and 
well-differentiated tumors include  BRAF  [ 67 ] 
and  PIK3CA  [ 68 ], although the prognostic and 
therapeutic signifi cance of these mutations in 
ATC remains unknown. Additional mutations 
classically associated with poorly differentiated 
and anaplastic thyroid carcinoma are  p53  and 

 β -catenin [ 69 ], and  β -catenin mutations have also 
been described in the rare cribriform-morular 
variant of PTC [ 70 ,  71 ].   

    Molecular Tests for Preoperative 
Testing for Cytologically 
Indeterminate or Suspicious Thyroid 
Nodules 

   Diagnostics 
 The previous sections have focused on molecular 
alterations associated with the different tumor sub-
types, with emphasis on underlying pathophysiol-
ogy and potential treatment schemes. There is yet 
another burgeoning application for molecular 
diagnostics in thyroid cancer: preoperative assess-
ment of malignancy risk for cytologically indeter-
minate or suspicious thyroid nodules. Thyroid 
FNA is widely accepted as the standard of care for 
the evaluation of thyroid  nodules, since it is rapid, 
safe, cost-effective, and accurate when defi nitive 
[ 41 ,  72 – 74 ]. When the cytomorphological diagno-
sis is benign, thyroid FNA has a negative predic-
tive value that exceeds 95 %, and when the 
cytomorphological diagnosis is malignant, thyroid 
FNA positive predictive value exceeds 99 % [ 73 , 
 75 – 78 ]. Nonetheless, approximately 20 % of all 
thyroid aspirates yield an indeterminate or suspi-
cious only result, with associated malignancy rates 
that range from 5 to 85 % [ 73 ,  75 ,  76 ]. While there 
is clearly a place for morphological risk stratifi ca-
tion in the indeterminate or suspicious categories, 
as outlined by the Bethesda System for Reporting 
Thyroid Cytopathology [ 73 ], disagreement and 
uncertainty often persist, even after expert review 
[ 79 ]. Indeterminate diagnoses result from three 
failures inherent to cytopathology: fi rst, cytopa-
thologic material represents a very limited sam-
pling of a heterogeneous lesion; second, the 
limited sampling present in FNA material is not 
uniformly distributed, so interobserver bias can be 
expected, and this nonuniform distribution has the 
potential to limit more objective ancillary testing, 
such as molecular markers; and fi nally, the diagno-
sis of follicular and Hürthle cell malignancy 
requires histological evidence of vascular or 
 capsular invasion, which cannot be assessed in 
cytological material.    
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    Somatic Mutation Panel 

 Somatic mutation panel (SMP) testing has 
recently been introduced as an adjunct to thyroid 
cytological diagnosis [ 34 ,  80 ]. The most com-
monly used SMP currently includes  BRAF , 
 HRAS ,  NRAS , and  KRAS  point mutation testing 
as well as testing for  RET / PTC  and  PAX8 / PPAR γ 
translocations [ 34 ]. In a single institutional trial, 
the SMP was shown to have a positive predictive 
value ranging from 87 to 95 % and a negative 
predictive value ranging from 72 to 94 %, 
depending on the associated indeterminate or 
suspicious FNA category [ 81 ]. In this study, the 
best positive predictive value (95 %) and the 
worst negative predictive value (72 %) were seen 
in the suspicious for malignancy (SFM) category. 
This is not surprising, given that the SFM cate-
gory is overwhelmingly comprised of cases that 
are suspicious for well-differentiated PTC, a 
tumor that is commonly  BRAF  positive [ 67 ,  81 – 83 ]. 
As others have shown,  BRAF  mutations correlate 
well with morphological fi ndings (nuclear 
grooves, inclusions, and elongation) that are 
already classically associated with a high malig-
nancy risk [ 73 ,  84 ]. Consequently, the true added 
value of SMP testing in the categories that 
are suspicious for PTC remains unclear because 
morphology alone may have similar predictive 
values in these diagnostic categories [ 73 ,  84 ,  85 ]. 
The worst positive predictive value for SMP 
(87 %) was seen in the SFN category, a fi nding 
that underlies the diffi culties in clearly showing 
distinct genetic drivers in follicular malignancy, 
as well as the molecular and morphological 
 continuum between benign, follicular adenomas, 
follicular variant of PTC, and follicular carcino-
mas [ 86 ,  87 ]. Consequently, the true value of 
SMP testing in follicular neoplasms remains 
unclear because the predictive values are low. 
Performance of the SMP in the atypia of undeter-
mined signifi cance (AUS) category is not well 
characterized. In a single institutional trial, the 
SMP demonstrated only slightly worse perfor-
mance for AUS than in the SFM category. 
However, this study included a high rate of  BRAF  
mutation, the number of AUS nodules was small, 

and the subcategories of AUS were not described. 
As such, it is also not clear if the management for 
AUS would be altered based on SMP testing 
alone.  

    Gene Expression Classifier 

 In addition to SMP testing, a gene expression 
classifi er (GEC) has been developed [ 88 ,  89 ], 
validated [ 90 ], and tested in a multicenter clinical 
trial [ 91 ]. The GEC differs from the SMP in sev-
eral ways. First, the GEC is based on patterns of 
quantitative mRNA expression. Second, data 
about specifi c transcript expression is incorpo-
rated into a proprietary model that yields a bino-
mial answer (“benign” or “suspicious”); no data 
about individual transcripts are available. Third, 
while SMP is based on readily available assays 
that any laboratory can develop or send out to any 
reference laboratory at the request of the patient’s 
pathologist and/or clinician, the GEC is proprie-
tary, is only performed at one laboratory, and can 
only be performed at the discretion of a single 
group of cytopathologists after centralized mor-
phological review. Finally, in contrast to SMP, 
which has a high positive predictive value, the 
GEC has a high negative predictive value and is 
thus most useful when negative in allowing 
patients with solitary asymptomatic cytomorpho-
logically indeterminate nodules to avoid surgery 
safely. In a multicenter clinical trial [ 91 ], GEC 
was shown to have an overall negative predictive 
value of 95 % for AUS and 94 % for SFN. While 
a 5 % risk of malignancy may seem high given 
that TBSRTC envisions AUS as a diagnosis that 
confers a 5–15 % risk of malignancy, the true risk 
of malignancy in nodules diagnosed as AUS 
is higher—in the randomized multicenter trial, it 
was 32 %. Thus, the high negative predictive 
value could represent a signifi cant stratifi cation 
of some patients into low risk. The high negative 
predictive value of GEC is attributable to high 
sensitivity and low specifi city; it is only 52 % 
specifi c for malignancy overall. The nonspecifi c-
ity of the GEC is critical in any clinical practice 
setting because it means that approximately one 
third of cytomorphologically benign nodules will 
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be positive by the GEC [ 91 ]. Thus, the GEC 
should not be performed in cytomorphologically 
benign nodules. Even in the setting of the cyto-
morphologically indeterminate categories, AUS 
and SFN, the usefulness of a positive result 
remains questionable. Furthermore, the nonspec-
ifi city of GEC renders it unnecessary in the 
 context of the SFM category, which is known to 
have a substantially higher positive predictive 
value, on the basis of cytology alone, than does 
the GEC [ 92 ].  

    Limitations of Molecular Testing 

 A summary of the SMP and GEC tests is shown 
in Table  19.2 . Beyond individual performance 
characteristics for each test, genetic testing of 
thyroid FNA material currently has several criti-
cal technological limitations that need to be 
 considered before any test is performed and inter-
preted. The most signifi cant limitation for both 
GEC and SMP is how specimen adequacy is 
determined. This limitation manifests differently 
in each assay. In the SMP, the main concern is 
allele dropout [ 93 ], a false-negative result due to 
preferential amplifi cation of the wild-type allele. 
Given its multiplex design, SMP has the potential 
for allele dropout, as FNA specimens are scant, 
and multiplexing requires separation of the few 
cells harvested into multiple wells. The potential 
for allele dropout is the rationale for specimen 
adequacy control done in the pretesting phase, a 
real-time PCR assay that shows the difference in 
amplifi cation between  KRT7  and  GADPH  [ 81 ]. 
In contrast to the SMP, the GEC lacks a stringent 
adequacy control (it uses only total mRNA 
 content assessed by the RNA integrity number 
[ 94 ])   ; this is a possible explanation for why false- 
negative specimens obtained from GEC appear to 
correlate with scant specimens [ 91 ]. Beyond ade-
quacy, vis-à-vis the number of follicular cells or 
total mRNA content, there is no direct way to 
correlate molecular results with associated cyto-
logical morphology, since the material used for 
molecular analysis cannot be used to assess mor-
phology and vice versa. This limitation is most 
marked for the GEC, since it is primarily used as 

a negative predictor, and one cannot yet  determine 
if morphologically atypical or benign follicular 
cells were sampled. Although recent develop-
ments may enable concurrent SMP testing and 
cytological review of the same cells [ 95 ], this is 
unlikely with GEC since it requires immediate 
fi xation in RNA preservative.

      Prognosis and Management 

 Both GEC and SMP add signifi cant incremental 
cost. While these costs have been justifi ed for both 
GEC and SMP in cost-effectiveness models [ 96 , 
 97 ], their true value in clinical practice remains to 
be shown. As discussed above, both tests require 
awareness of the technological shortcomings and 
performance characteristics of the test as well as 
the sophistication to correlate the results with the 
cytomorphology and the constellation of clinical 
fi ndings. The incorporation of the results from 

   Table 19.2    Summary of advantages and disadvantages 
of molecular tests for cytologically indeterminate thyroid 
nodules   

 SMP  GEC 

 Analyte  DNA  mRNA 

 Type of result  List of mutations  Binomial (“benign” 
or “suspicious”) 

 Compatible 
with existing 
pathology 
workfl ow 

 Yes, any 
pathologist or 
clinician can 
submit 

 No, centralized 
pathology only 

 Laboratory 
performing 
assay 

 Numerous  Single laboratory 

 Theoretical 
basis 

 Published 
mutations 

 Proprietary 
algorithm 

 Direct 
correlation 
of morphology 
with molecular 
results 

 No  No 

 Quality control  Thyroid origin 
of cells verifi ed 
by difference in 
amplifi cation 
between  KRT7  
and  GADPH  

 Quantity of 
mRNA, no 
verifi cation of 
thyroid origin 

 Most useful 
result 

 Positive 
predictive value 

 Negative predictive 
value 
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these tests into a clinical or surgical algorithm is 
further encumbered by the paucity of good evi-
dence and guidelines on how this should be done 
[ 98 ,  99 ]. In summary, molecular tests for cytomor-
phologically indeterminate thyroid are promising, 
but their true impact on clinical management 
remains to be determined.      
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           Introduction 

 Per cubic centimeter, the head and neck region 
gives rise to a greater diversity of neoplasms than 
any other site in the human body does. The diver-
sity is due partly to the anatomic complexity of 
and highly varied tissues in this compact area. 
Two unique areas of study within the head and 
neck region are squamous mucosal lesions and 
salivary gland tumors. Results of morphologic, 
histologic, and immunohistochemical analyses 
are the mainstay of diagnosis, but recent advances 
in molecular pathology are being used to identify 
potential targets, and for pathologists as aid for 
the diagnostic approach. This chapter provides 
contemporary information on the molecular char-
acterization and testing of head and neck squa-
mous epithelial lesions and salivary gland tumors 
for clinical management.  

    Squamous Mucosal Lesions 

 The most common neoplastic process in the head 
and neck region involves the squamous epithelium. 
Tumorigenesis of head and neck squamous cell can-
cer (HNSCC) is the sixth most common neoplasm 
worldwide [ 2 ,  26 ,  30 ,  64 ]. Risk factors play an 
important role in the susceptibility to and the devel-
opment of squamous carcinoma. Tobacco and alco-
hol abuse are epidemiologically linked to HNSCC. 

 Traditional pathologic classifi cation and diagno-
sis of HNSCC are based on evaluation with a light 
microscope and, rarely, selective use of immunohis-
tochemical markers. The traditional clinicopatho-
logic factors used to guide the management of the 
disease are limited. New tools are needed to improve 
the early detection of HNSCC, treatment stratifi ca-
tion, and patient outcome [ 2 ,  64 ]. 

    Conventional (Non-viral) Squamous 
Carcinomas 

 Although no defi nitive molecular events or path-
ways have been fi rmly established for HCNS 
tumorigenesis, signifi cant progress has been 
made in identifying critical chromosomal 
genomic alterations [ 2 ,  22 ,  35 ]. Squamous 
tumorigenesis is a multistage process: an accu-
mulation of successive genomic alterations pre-
cede or coincide with the development of 
epithelial alterations (i.e., dysplasia) [ 2 ,  22 ,  35 ]. 
The type, order, and composition of these events 
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are unknown, although temporal accumulation of 
certain genetic and epigenetic events has been 
associated with the progressive development of 
premalignant lesions and invasive carcinoma. 
Efforts to identify the genetic and phenotypic 
alterations associated with the biological pro-
gression of these lesions have led to the charac-
terization of several markers associated with the 
development of this cancer. 

    Cellular Related Molecular Markers 
   Loss of Heterozygosity 
 Comparative analysis of DNA extracted from 
histologically normal mucosa or lymphocytes to 
tumor has identifi ed loss of heterozygosity at 
chromosomes 3p, 9p, or 17p in more than 30 % 
of HNSCC tumors [ 22 ,  35 ]. These chromosomal 
regions house the p16 and p53 tumor suppressor 
genes, respectively, and the loss of these loci sug-
gests early involvement of these genes in HNSCC 
and tumor progression. Loss of heterozygosity at 
loci 4p, 8p, 11q, 13q, or 18q has been found pre-
dominantly in a subset of advanced HNSC cases 
[ 22 ,  35 ]. Patterns of chromosomal aberrations in 
loci 3q24, 8p23.1, and 8q12.2k and gain of chro-
mosome 20 distinguish between two major 
HNSCC subgroups with different biological pro-
gression and metastatic features [ 22 ,  35 ].  

   Tumor Suppressor Genes 
   p53 Gene 
 Mutations at certain exons of the p53 gene, which 
is located on chromosome 17p13, appear in about 
half of HSNCCs [ 18 ]. These hotspot mutations 
have been identifi ed in exons 5–9 of the p53 gene 
[ 22 ,  76 ]. Alterations of p53 have been detected in 
premalignant squamous lesions, suggesting that 
this gene is involved in the early development of 
this carcinoma. The p53 mutation alterations 
have been correlated with poor survival at a dif-
ferent site [ 22 ,  76 ].  

   p16 Gene 
 The p16 gene is located in the chromosome 9p21 
region and plays a central role in the regulation of 
cell cycle. Loss of this gene is most commonly 
due to methylation of its promoter. The fi rst 
exons have been frequently found in HNSC [ 40 , 
 48 ,  51 ,  74 – 76 ].   

   Oncogenes 
   Cyclin D1 Gene 
 Located on chromosome 11p, the Cyclin D1 gene 
is critical to the cell cycle [ 47 ,  49 ,  79 ]. Cyclin D1 
amplifi cation and overexpression have been 
reported for approximately a third of HNSCs and 
are associated with advanced and more aggres-
sive tumors [ 79 ].  

   p63 Gene 
 The p63 gene is a putative oncogene located in 
the chromosome 3q27 region [ 21 ,  57 ,  58 ]. Two 
main isotopes created with alternative promoters 
and six with alternative splicing at the carboxyl 
end have been identifi ed. The P36∆N isotype 
was highly expressed in progressive premalig-
nant lesions and aggressive HNSC [ 21 ,  57 ,  58 ].  

   c-Met Gene 
 c-Met is an oncogene that mediates angiogenesis, 
cell motility, invasion, and metastasis. 
Overexpression of c-Met has been reported for 
80 % of HNSCCs but its amplifi cation in only 13 % 
[ 19 ,  22 ,  25 ,  28 ,  29 ,  39 ,  42 ,  52 ,  59 ]. Because 
c-Met intersects with the epidermal growth factor 
receptor (EGFR) and phosphoinositol 3-kinase 
(PI3K) pathways in HNSC, it may be a viable tar-
get for combined therapy [ 25 ].    

    Epigenetic Alterations 
 Epigenetic modifi cations, such as methylation of 
5-cystosine at CpG islands, chromatin modeling, 
and histone acetylation, play a major role in 
tumorigenesis [ 40 ]. Several genes have been 
identifi ed to be hypermethylated in HNSCC, 
including CDKN1, p16, DAP-K, E-cadherin, 
cyclin-A1, and MGMT [ 40 ,  48 ,  51 ]. A profi le of 
these genes was recently tested with DNA 
extracted from saliva and mouthwash. 
Methylation was associated with an increased 
risk of squamous carcinoma and was predictive 
of tumor recurrence [ 20 ,  40 ,  62 ].  

    EGFR 
 EGFR contains an extracellular ligand-binding 
transmembrane, a nuclear localizing signal, and 
cytoplasmic tyrosine kinase domains. Activation 
of these elements is tightly associated with the 
binding of EGFR to epidermal growth factor 
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 family members such as transforming growth 
 factor α, amphiregulin, B-cellulin, heparin- binding 
epidermal growth factor, and epiregulin [ 31 ]. 

 Dysregulation of the EGFR pathway by 
overexpression or constitutive activation can 
induce angiogenesis, invasion, and metastasis. 
Overexpression of EGFR has been associated 
with tumor cell invasiveness and metastasis via 
the stimulation of metalloproteinases [ 44 ]. 
EGFR overexpression has also been positively 
correlated with nodal metastasis, high tumor 
stage, and poor outcome [ 5 ]. Therefore, inhibi-
tion or blockade of EGFR by monoclonal anti-
bodies or small-molecule tyrosine kinase 
inhibitors could be used to inhibit these pro-
cesses and treat certain patients with head and 
neck carcinoma [ 44 ]. 

 EGFR is a candidate marker for HNSC. 
Assessing for EGFR on clinical materials is per-
formed with immunohistochemical analysis (for 
expression) or in situ hybridization (for amplifi -
cation). Although more practical and economical 
than in situ hybridization, immunohistochemical 
evaluation of EGFR suffers from a lack of perfor-
mance guidelines and acceptable interpretive cri-
teria. Nonetheless, immunohistochemical 
evaluation of EGFR is being performed for clini-
cal trials to determine its extent and localization 
in tumor cells. The scoring can be done by eye or 
by imaging. The results can be broadly catego-
rized as strong, uniform, and membranous and 
cytoplasmic staining; intermediate, patchy, and 

variable membranous and cytoplasmic staining; 
and weak/negative with scattered weak/interme-
diate staining of a few cell nests/or negative [ 53 ] 
(Fig.  20.1 ). An alternative or complementary 
method of amplifying the EGFR gene is chromo-
genic in situ hybridization. Gene amplifi cation of 
EGFR with this method was reported for 10–60 
% of HNSCs and has been associated with 
response to tyrosine kinase inhibitors [ 70 ,  71 ].

       Signaling Pathways 
   PI3K/AKT/mTOR Pathway 
 The PI3K/AKT/mTOR pathway has been shown 
to be activated in the majority of HNSCs (>70 %) 
[ 24 ,  27 ]. Loss of the PTEN gene, a negative regu-
lator of PI3K that lies on chromosome 10q, 
results in the upregulation of AKT and mTOR 
and is associated with poor behavior of these 
tumors [ 27 ,  63 ]. Development of a tyrosine 
kinase inhibitor that targets multiple components 
of diverse pathways or a combination of agents is 
a likely strategy for successfully managing these 
tumors [ 24 ,  41 ].    

    Virus-Associated Squamous 
Carcinomas 

 Carcinomas arising at lymphoid-rich stromal 
sites are phenotypically, etiologically, and epide-
miology distinct from conventional (non-viral) 
squamous carcinomas. 

  Fig. 20.1    EGFR heterogeneity in head and neck squamous carcinoma as illustrated with immunohistochemistry. 
( a ) Strong diffuse homogeneous pattern. ( b ) Scattered weak/intermediate staining of a few cell nests/or negative       
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    Nasopharyngeal Carcinoma 
 Nasopharyngeal carcinoma is characterized by a 
unique geographic and ethnic distribution world-
wide and is closely associated with Epstein–Barr 
virus infection, especially in endemic location 
[ 9 ]. Genetic susceptibility, dietary factor, and 
environmental factors may also play a major role 
in the development of this entity. 

 Histopathologically, nasopharyngeal carci-
noma is graded according to the World Health 
Organization’s classifi cation system as grade I 
(differentiated squamous carcinoma) or grades II 
and III (undifferentiated carcinoma) [ 9 ]. Epstein–
Barr virus-encoded RNA and keratin, which are 
tested for in situ, are important diagnostic mark-
ers (Fig.  20.2 ). These tumors are radiosensitive 
and are rarely surgically removed in the Western 
countries.

       Oropharyngeal Carcinoma 
 A rise in the incidence of poorly differentiated 
carcinoma of Waldeyer’s ring has been reported 
[ 34 ]. The mucosa is lymphoid based, and these 
tumors have a different histologic appearance 
than most tumors of the oral cavity in that human 
papilloma virus (HPV)-associated squamous cell 
carcinomas are more likely to appear nonkera-
tinizing or basaloid and to have limited or absent 
keratinization. A subset of tumors of the tonsil or 
base of tongue that resemble undifferentiated 
nasopharyngeal carcinoma, with morphologic 

features of lymphoepithelial carcinoma, are HPV 
positive. 

 The detection of HPV-16 by in situ hybridiza-
tion, polymerase chain reaction (PCR), or p16 
overexpression in tumor cells is important to the 
diagnosis of oropharyngeal carcinoma [ 23 ,  35 ]. 
The majority of patients are young adults, are 
well educated, and do not have the typical risk 
factors of patients with HNSCC. For these 
patients, sexual practice may be associated with 
this disease. 

   Pathogenesis of HPV-Associated 
Squamous Cell Carcinoma 
 Activation of HPV-16 involves the integration of 
the circular double-stranded DNA virus into the 
host DNA genome [ 8 ], which results in the loss 
of the regulatory exon 2 of the virus genome and 
thus unregulated expression of E6 and E7 viral 
oncogenes [ 37 ,  43 ,  54 ]. These viral genes bind 
and degrade the host’s tumor suppressor proteins 
p53 and Rb, respectively. Loss of the cell regula-
tory functions of these genes underlies the patho-
genesis of oropharyngeal carcinoma. Presumably 
the degradation of the Rb protein, as well as the 
release of the E2F transcription factor, upregu-
lates p16 protein [ 8 ]. 

 HPV infection has been detected in more than 
70 % of oropharyngeal carcinomas. These  cancers 
tend to have high-grade morphologic features, 
although patients with HPV-positive tumors have 

  Fig. 20.2    Histologic features of nasopharyngeal undif-
ferentiated carcinoma. ( a ) Hematoxylin and eosin staining 
showing syncytial pattern. ( b ) Epstein–Barr virus-associated 

nasopharyngeal carcinoma (in situ hybridization, nuclear 
blue signal)       
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a better prognosis than patients with HPV-negative 
tumors do [ 6 ,  33 ,  56 ]. Clinical manifestations are 
heterogeneous due to variability in the viral load 
or the activated viral oncogenes [ 6 ].  

   HPV-Associated Genomic Alterations 
 A few genomic studies of oropharyngeal carci-
noma have been conducted. Compared with HPV-
negative tumors, HPV-positive tumors were found 
to have a signifi cantly lower number of copy num-
ber alterations [ 35 ] or common chromosomal 
alterations at regions 3p, 11q, and 16q [ 66 ]. 
Generally, fi ndings have supported the idea that 
the association between HPV in a population with 
no risk factors and better outcome [ 6 ,  33 ,  36 ]. A 
recent study of genome-wide methylation and 
gene expression of these tumors revealed hyper-
methylation in HPV-positive tumors compared 
with HPV-negative tumors and a correlation 
between methylation status and gene expression 
[ 55 ,  60 ]. Differential gene expression studies have 
also shown distinct patterns of DNA replication 
and cell cycle regulation genes, viral resistance, 
and immune response between HPV- positive and 
HPV-negative tumors. Dysregulation of the DNA 
replication and cell cycle regulation genes and 
those related to immune regulation, including 
those of natural killer cells, Toll-like receptor, and 
JAK-STAT, may be relevant to the pathogenesis of 
HPV in oropharyngeal cancer patients. 

 The lack of alterations to the p53 gene in 
HPV-associated tumors may render tumor cells 

susceptible to chemotherapy and radiotherapy as 
compared with HPV-negative tumors with p53 
mutations [ 32 ]. The E6 viral oncogene was 
reported to sensitize tumor cells to radiation- 
induced apoptosis independent of p53 status [ 78 ]. 
An inverse correlation between p53 alterations 
and HPV status has been reported in several stud-
ies [ 3 ,  77 ,  78 ].  

   Biomarkers in HPV-Associated Cancer 
 The results from molecular and immunohisto-
chemical analyses are critical to a diagnosis of 
virus-associated oropharyngeal carcinoma. 
Currently three procedures are used by most 
pathology laboratories to detect viral DNA and 
RNA: quantitative or qualitative PCR, in situ 
hybridization, and p16 protein expression. PCR- 
based techniques are highly sensitive but may 
result in a relatively high number of false- positive 
cases. In situ hybridization is less sensitive, but it 
allows for the localization of the virus in tumor 
nuclei and a qualitative view of the viral load [ 23 , 
 35 ]. Upregulated p16 protein is currently consid-
ered a reliable surrogate marker for HPV-positive 
oropharyngeal cancer [ 23 ]. Immunohistochemical 
analysis for p16 is emerging as a supportive or 
practical substitute for viral detection. Strong and 
homogenous p16 staining in both the nucleus and 
cytoplasm is consistent with HPV positivity [ 23 ]. 
Heterogeneous, patchy, and strictly nuclear stain-
ing require additional HPV testing with PCR or 
in situ hybridization (Fig.  20.3 ).

  Fig. 20.3    HPV-associated head and neck squamous carcinoma. ( a ) In situ hybridization for high-risk HPV (nuclear blue 
signal). ( b ) Immunohistochemical analysis for p16 (homogeneous diffuse nuclear and cytoplasmic brown staining)       
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   In addition to identifying viral DNA or RNA, 
biomarkers are critical for guiding and improving 
tumor therapy. Patients with oropharyngeal can-
cer that does not respond to chemotherapy and 
radiotherapy or both may undergo salvage sur-
gery or receive palliative therapy. To more accu-
rately stratify patients for treatment and improve 
tumor response to therapy, the biological predic-
tors need to be determined [ 68 ].     

    Salivary Gland Lesions 

 The salivary glands are the site of origin for a 
wide variety of neoplasms. The histopathology of 
these tumors may be the most complex and 
diverse of any organ in the body. Salivary gland 
neoplasms are uncommon, with an estimated 
annual incidence in the United States of 2.2–2.5 
cases per 100,000 people; they constitute approx-
imately 5 % of all head and neck neoplasms [ 1 , 
 67 ]. Nearly 80 % of these tumors occur in the 
parotid glands, 15 % in the submandibular glands, 
and the remaining 5 % in the sublingual and 
minor salivary glands. Benign neoplasms make 
up about 80 %, 50 %, and less than 40 % of these 
tumor types [ 67 ]. 

 The primary management of salivary gland 
lesions is surgical resection. Postoperative radio-
therapy may be performed for patients with close 
margins or perineural invasion. The treatment 
options for patients presenting with locally 
advanced, recurrent, or distant metastatic disease 
are limited and generally palliative [ 1 ,  4 ]. 
Attempts to understand the genetics and biology 
of salivary gland tumors in order to identify 
molecular targets have been limited due to the 
rarity of these tumors and the inconsistency of 
fi ndings to date. 

    Tumor-Specifi c Translocations and 
Fusion Oncogenes in Salivary 
Carcinomas 

 Chromosomal aberrations are a characteristic 
feature of neoplasia. Recurrent, nonrandom chro-
mosomal translocations and the creation of novel 
chimeric fusion oncogenes are well recognized 

and causally implicated in carcinogenesis. 
Tumor-specifi c chromosomal rearrangements 
often produce potent fusion oncogenes, which 
induce tumorigenesis by deregulating the cell 
cycle, resulting in overexpression of a gene in 
one of the breakpoints, or by fusion of two genes, 
one in each breakpoint, resulting in a hybrid, chi-
meric gene [ 16 ]. Almost 400 critical gene fusions 
have been identifi ed in human cancers, such as 
those of the prostate, thyroid, kidney, breast, 
bronchus, lung, and salivary glands. These onco-
genes account for 20 % of human cancer morbid-
ity. Fusion oncogenes are often derived from, and 
encode for, transcription factors, transcription 
regulators, and receptor tyrosine kinases, all of 
which are frequently involved in oncogenesis 
[ 16 ]. In solid tumors, most fusion oncogenes 
encode aberrant transcription factors, while other 
fusion oncogenes express chimeric proteins that 
deregulate growth factor signaling. Both types 
represent important diagnostic and prognostic 
biomarkers as well as potential therapeutic tar-
gets. As sequencing technology advances, it is 
anticipated that the number of known fusion 
oncogenes identifi ed will rise exponentially. 

 Highly specifi c chromosomal translocations 
resulting in pathognomonic fusion oncogenes 
have been reported for salivary gland tumors, 
namely, mucoepidermoid carcinoma (MEC), 
adenoid cystic carcinoma (AdCC), hyalinizing 
clear cell carcinoma (HCCC), and mammary 
analogue secretory carcinoma (MASC) [Table 
 20.1 ]. These translocations target transcription 
factors involved in growth factor signaling and 
cell cycle regulation, transcriptional coactivators, 
or tyrosine kinase receptors [ 16 ].

       Mucoepidermoid Carcinoma 

 The most common salivary gland malignancy, 
MEC arises in the upper aerodigestive tract and 
tracheobronchial tree [ 11 ]. The patient’s age and 
conventional clinicopathologic parameters, such 
as tumor stage and grade, infl uence management. 
Low-grade, low-stage tumors require surgical 
resection alone, whereas high-grade, high-stage 
tumors necessitate adjuvant radiation and neck 
dissection. MECs are graded based on histologic 
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features. Adverse histologic parameters include 
perineural invasion, angiolymphatic invasion, 
coagulative necrosis, high mitotic rate, cystic 
component <20 %, anaplasia, and infi ltrative 
growth pattern [ 11 ]. The great variability in and 
poor reproducibility of histologic grading 
schemes are refl ected by suboptimal treatment 
planning and prognostication [ 11 ]. 

    t(11;19) MECT1–MAML2 Fusion 
Transcript in MEC 
 First described by Nordkvist et al. in 1994 [ 46 ] 
and characterized by Tonon et al. in 2003 [ 73 ], 
the recurrent t(11;19)(q12;p13) translocation 
involving the MECT1 and MAML2 genes has 
been identifi ed as the underlying pathogenetic 
event in the majority of MECs. Both genes par-
ticipate in cell cycle regulation: MECT1 (muco-
epidermoid carcinoma translocated-1, also 
known as CRTC1, TORC1, and WAMTP1) is a 

75-kDa protein that activates cAMP response 
element-binding (CREB)-mediated transcription, 
and MAML2 (mastermind-like 2) is a 125-kDa 
protein involved in Notch signaling pathways. 
The MECT1–MAML2 fusion protein is com-
prised of the  N -terminal CREB protein-binding 
domain (exon 1) of MECT1 at 19p13 and the 
 C -terminal transcriptional activation domain 
(exons 2–5) of the Notch coactivator MAML2 at 
11q21 [ 73 ]. The MECT1–MAML2 fusion pro-
tein may activate both cAMP-CERB targets and 
Notch signaling targets, disrupting both cell cycle 
and differentiation functions [ 73 ]. Because 
CREB regulates cell proliferation and differenti-
ation and MECT1 deletion abolishes transform-
ing activity, it is likely that CREB dysregulation 
mediates tumorigenesis [ 73 ]. 

 Several studies have found a greater than 55 % 
detection rate for MECT1–MAML2 fusion in 
MECs [ 10 ,  61 ,  72 ]. Fusion-positive cases have 

   Table 20.1    Tumor-specifi c fusion oncogenes in salivary carcinomas   

 Mucoepidermoid 
carcinoma (MEC) 

 Adenoid cystic 
carcinoma (AdCC) 

 Hyalinizing 
clear cell 
carcinoma 
(HCCC) 

 Mammary analogue 
secretory carcinoma 
(MASC) 

 Cell of origin  Precursor cells of 
exocrine glands 
in the head and neck 

 Epithelial and 
myoepithelial cells 
of the salivary glands 

 Epithelial 
(squamous) 
cells of the 
salivary glands 

 Epithelial cells of 
the salivary glands 

 Site of tumor  Exocrine glands 
in the upper 
aerodigestive tract and 
tracheobronchial tree 

 Salivary glands  Salivary glands 
oral cavity 

 Salivary glands 

 Pathognomonic 
translocation 

 t(11;19)(q21;p13)  t(6;9)(q22-23;p23-24)  t(12;22) 
(q13;q12) 

 t(12;15) (p13;q25) 

 Proto-oncogene  Mucoepidermoid 
carcinoma 
translocated-1 
(MECT1)—also 
known as CRTC1, 
TORC1, WAMTP1 

 MYB  EWSR  ETV6 

 Promoter gene  MAML2  NFIB  ATF1  NTRK3 
 Fusion oncogene  MECT1–MAML2  MYB–NFIB  EWSR–ATF1  ETV6–NTRK3 
 Diagnostic 
modality 

 RT-PCR, FISH  RT-PCR, FISH, 
immunohistochemistry 

 RT-PCR, FISH  RT-PCR, FISH 

 Prognosis  t(11;19) associated 
with improved survival 

 Histologic grade 
infl uences prognosis 

 Low-grade 
salivary 
carcinoma 

 Intermediate- grade 
salivary carcinoma 
(resembles 
secretory carcinoma 
of breast) 
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demonstrated signifi cantly longer patient sur-
vival than fusion-negative cases do, suggesting 
that MECT1–MAML2 represents a specifi c 
prognostic molecular marker in MEC. Behboudi 
et al. reported median survival times of 10 and 
1.6 years in fusion-positive and fusion-negative 
patients, respectively, as well as a signifi cantly 
lower risk of local recurrence, metastases, and 
tumor-related death in fusion-positive patients 
[ 10 ]. Seethala et al. found that while translocation- 
positive patients had a better disease-specifi c sur-
vival rate than translocation-negative patients 
did, the disease-free survival rate was not signifi -
cantly affected by translocation status [ 61 ].  

   Clinical and Diagnostic Signifi cance 
of Fusion Transcript MECT1–MAML2 
in MEC 
 Detection of the MECT1–MAML2 fusion tran-
script in a signifi cant number of MECs may 
affect the diagnosis, prognosis, and treatment of 
this disease [ 11 ]. Results from fi ne-needle aspira-
tion cytology analysis are increasingly being 
used as part of a diagnostic triage for putative 
salivary gland tumors, although the diagnostic 
role of this assessment is controversial. For 
MECs, such results may be diagnostically accu-
rate for high- or intermediate-grade tumors but 
unsatisfactory for low-grade tumors. The appli-
cation of molecular techniques to cytological 
material to detect the MECT1–MAML2 fusion 
transcript or protein may be helpful when the 
diagnosis is uncertain, although clinical studies 
will be required to validate this approach. 

 The fact that high-grade MEC can express the 
MECT1–MAML2 fusion transcript suggests that 
detection of this transcript may help in distin-
guishing this tumor type from poorly differenti-
ated adenocarcinoma or clear cell carcinomas 
when conventional histological distinction is dif-
fi cult. High-grade MEC is prone to diagnostic 
confusion with adenosquamous carcinoma, ade-
noid (acantholytic) squamous carcinoma, and 
sometimes adenocarcinoma not otherwise speci-
fi ed or salivary duct carcinoma [ 38 ]. In the initial 
series, the fusion transcript was observed for only 
low- and intermediate-grade MEC, but in our 
experience and as recently confi rmed by other 
researchers, the translocation can occur in 

 high- grade MEC, although at a lower rate. 
Histologically low-grade MEC may behave 
aggressively [ 38 ]. However, the most challenging 
category of MEC in terms of prognosis and man-
agement is the intermediate grade. Histologic 
grading criteria are most useful for morphologic 
classifi cation, and the inclusion of molecular 
fi ndings provides submicroscopic information 
and, hence, more accurate assessment. Integrating 
molecular fi ndings allows for biological stratifi -
cation within individual grades [ 11 ]. The translo-
cation can be regarded as a biomarker of favorable 
prognosis, which could infl uence the decision for 
neck dissection or radiotherapy. Although retro-
spective data support the usefulness of identify-
ing this translocation, its prognostic value 
remains to be verifi ed prospectively [ 11 ]. 

 In clinical practice, assessment for the 
MECT1–MAML2 fusion transcript is an ancillary 
test that is performed using reverse transcriptase- 
PCR or fl uorescent in situ hybridization (FISH) 
with paraffi n-embedded tissue. The translocation 
status can support a diagnosis of high-grade MEC 
or MEC with variant morphologies.   

    Adenoid Cystic Carcinoma 

 AdCC is a biphasic salivary gland malignancy 
that is characterized by cellular, morphologic, and 
clinical heterogeneity [ 67 ]. Despite the relative 
infrequency of these tumors, AdCCs are the sec-
ond most common salivary gland malignancy, are 
the most common malignancy of minor salivary 
glands, and comprise 15–25 % of all salivary car-
cinomas. Histologic architecture alone deter-
mines the grade of AdCC: tubular and cribriform 
growth patterns are associated with a longer sur-
vival time than solid forms are. Despite locally 
aggressive growth with frequent perineural inva-
sion, AdCCs demonstrate slow biologic progres-
sion and lymph node metastasis is rare [ 67 ]. 

 Numerous cytogenetic studies have explored the 
molecular events in the development and p rogression 
of AdCC with the aim of identifying management 
targets (reviewed in [ 13 ]). Deletions or transloca-
tions of the terminal regions of the long arm of 
chromosome 6 are consistently found in salivary 
AdCC [ 13 ]. A subset of AdCCs shows reciprocal 
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translocations or loss of chromosome 6q terminal 
loci; chromosome 9p is the most  frequent transloca-
tion partner in these tumors. The t(6;9) translocation 
is the sole genetic alteration in this subset of AdCCs, 
suggesting involvement of the 6q region during the 
early development of AdCCs (reviewed in [ 13 ]). 

   t(6;9) MYB–NFIB Fusion Transcript 
in AdCC 
 A reciprocal t(6;9)(q22-23;p23-24) translocation 
resulting in formation of the MYB–NFIB fusion 
oncogene was recently described [ 50 ]. MYB is a 
leucine zipper transcription factor at 6q22-24 that 
participates in the regulation of cell proliferation, 
apoptosis, and differentiation [ 50 ]. MYB–NFIB 
fusion results in the loss of the MYB 3′-untrans-
lated region (exon 15), which normally contains 
highly conserved target sequences for certain 
microRNAs; these target sites negatively regulate 
MYB expression. Loss of MYB repression 
results in overexpression of the fusion transcripts 
and protein, thereby inducing transcriptional acti-
vation of MYB target genes [ 50 ]. These target 
genes are associated with cell cycle control 
(CCNB1, CDC2, MAD1L1), apoptosis (API5, 
BCL2, BIRC3, HSPA8, SET), and cell growth 
and angiogenesis (MYC, KIT, VEGFA, FGF2, 
CD53). MYB–NFIB transcriptional downstream 
targets represent potential diagnostic biomarkers 
and therapeutic targets in AdCC [ 50 ]. 

 Persson et al. reported a 100 % incidence of 
MYB–NFIB in a study of 11 AdCCs. However, 
Mitani et al. could demonstrate the presence of 
MYB–NFIB fusion transcripts in only 33 % of 
primary and metastatic AdCCs, although this 
work confi rmed the role of the fusion transcript 
in the development of a subset of AdCCs [ 45 , 
 50 ]. In the study by Mitani et al., a total of 14 
fusion transcripts that involved different exons of 
MYB and NFIB were found in fusion-positive 
AdCCs. For the MYB gene, the most frequent 
fusion variants involved exons 13, 8b, 11, 15, 9b, 
8a, 14, and 16. For the NFIB gene, most variants 
involved exons 12 and 11. The presence of mul-
tiple fusion variants can be explained by the 
 presence of multiple break points within the 
MYB gene and alternative splicing in the last 
exons of the NFIB gene. The ability of MYB–
NFIB fusion to cause a dramatic rise in MYB 

expression can be attributed to the loss of the 
MYB sequences containing the regulatory 
microRNA binding sites in MYB–NFIB tran-
scripts (Mitani et al.). Several studies have 
reported increased expression of MYB RNA in 
fusion-positive AdCCs (reviewed in [ 13 ]). 

 A monoclonal antibody against the NH2- 
terminal domain of human MYB was shown to 
demonstrate strong nuclear MYB staining in 85 % 
and 61 % of MYB–NFIB fusion-positive and fusion-
negative AdCCs, respectively [ 14 ]. In tubular and 
cribriform AdCCs composed of both epithelial and 
myoepithelial cell populations, MYB expression 
was limited to the myoepithelial cells [ 14 ].  

   Identifi cation of the MYB–NFIB Fusion 
Transcript and Therapeutic 
Applications 
 RT-PCR or FISH can be used to detect MYB–
NFIB fusions. FISH complemented by immuno-
histochemical analysis using anti-MYB or 
anti-MYB–NFIB proteins may provide ancillary 
diagnostic information. Few therapeutic options 
are available to directly target MYB, but prelimi-
nary reports of DNA vaccines and antisense 
MYB oligodeoxynucleotides suggest a potential 
role for them in the treatment of AdCCs. Therapy 
directed against MYB–NFIB transcriptional 
downstream targets may prove to be more feasi-
ble. Various antibodies and inhibitors, such as 
those directed against BCL2, FGF2, MYC, and 
COX-2, have emerged as potential chemothera-
peutic agents, but their effi cacy in AdCC requires 
further investigation.  

   Other Genetic Mutations in AdCC 
 Most AdCCs overexpress both c-Kit and EGFR 
[ 12 ,  13 ,  15 ]. In AdCCs, c-Kit expression is mostly 
limited to inner epithelial cells, while EGFR 
expression typically occurs in myoepithelial cells 
[ 15 ]. The mechanism of c-Kit expression in 
AdCCs may involve multiple genetic, epigenetic, 
and biologic events as well as gene copy numbers. 
EGFR, which facilitates carcinogenesis in 
humans by blocking apoptosis and promoting 
angiogenesis, can be modifi ed by anti- EGFR 
therapies such as cetuximab and erlotinib. 
Histogenetic differences between the two cell 
populations may infl uence biologic heterogeneity 

20 Molecular Testing of Head and Neck Tumors



340

as well as response to treatment. Better clinical 
outcomes with EGFR expression and with con-
comitant EGFR and c-Kit positivity have been 
reported in AdCCs with myoepithelial cells, 
whereas epithelial c-Kit expression confers a 
worse prognosis regardless of the histologic fea-
tures of the tumors [ 15 ]. Specifi c therapies target-
ing c-Kit or EGFR may require individualization 
in patients with AdCC, depending on biomarker 
stratifi cation and tumor cell composition [ 15 ].   

    Hyalinizing Clear Cell Carcinoma 

 HCCC is a rare salivary tumor that consists of 
clear cells and hyalinized stroma. It is recognized 
as a separate entity than clear cell variants of epi-
thelial–myoepithelial carcinoma, myoepithelial 

carcinoma, and MEC. Other clear cell tumor 
 variants are clear cell-containing tumors of the 
salivary glands, odontogenic tumors, and meta-
static renal cell carcinoma. HCCC cells are immu-
noreactive for keratins and do not express 
myoepithelial markers. Although morphologic 
and immunohistochemical studies can distinguish 
HCCC from other clear cell variants, establishing 
a correct diagnosis can be challenging in diffi cult 
cases or with small biopsy specimens [ 7 ,  69 ]. 

 Several studies using FISH have indicated that 
HCCC has a consistent EWSR rearrangement as 
the result of an EWSR–ATF1 fusion oncogene. 
The fact that this fi nding has been consistent for 
HCCC can be used to distinguish this tumor from 
its potential mimics, as most other clear cell tumors 
do not exhibit EWSR or ATF1 rearrangement 
according to FISH analysis [ 7 ,  69 ] (Fig.  20.4 ).

  Fig. 20.4    HCCC. ( a ) Submucosal, rubbery, fi rm tumor 
of the base of the tongue. ( b ) Histological analysis reveals 
nests, trabeculae, and islands of clear cells embedded in a 

hyalinized, fi brotic stroma. ( c ) Consistent EWSR rear-
rangement by FISH as the result of EWSR–ATF1 fusion 
oncogene (FISH with break-apart probe for EWSR)       
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       Mammary Analogue Secretory 
Carcinoma of the Salivary Gland  

 MASC is a recently described salivary gland 
neoplasm that is characterized by its striking 
morphologic and molecular similarities to secretory 
carcinoma of the breast [ 65 ]. Retrospective 
 studies have found that MASC has been most 
often diagnosed as acinic cell carcinoma (ACC), 
MEC, or adenocarcinoma/cystadenocarcinoma 
not otherwise specifi ed. The resemblance of 
MASC to ACC is particularly striking: both 
tumors show overlapping architectural features 
(microcystic, follicular, and papillary-cystic), 
and MASC cells can resemble many of the cell 
types seen in ACC (intercalated duct-like, vacu-
olated, clear cells) [ 17 ,  65 ]. Additional studies 
are needed to clarify whether the clinical behav-
ior of MASC matches the tumor’s low-grade his-
tologic appearance. 

 MASC characteristically harbors a balanced 
translocation, t(12,15)(p13;q25), which results in 
the formation of the ETV–NTRK3 fusion gene 
that encodes a chimeric oncoprotein tyrosine 
kinase [ 17 ,  65 ]. The same translocation is 
encountered in secretory breast carcinoma, infan-
tile fi brosarcoma, congenital mesoblastic 
nephroma, and sometimes myelogenous leuke-
mia [ 17 ]. This chromosomal alteration may be 
detected by ETV6 break-apart FISH, or the 
ETV6–NTRK3 fusion transcript can be detected 
by RT-PCR [ 17 ,  65 ].   

    Conclusion 

 Expanding understanding of the pathogenesis 
and molecular alterations in different head and 
neck tumor types will allow new targets to be 
proposed for diagnostic, prognostic, and thera-
peutic applications. The multidisciplinary health-
care team needs to be familiar with molecular 
alterations that could be successfully integrated 
into diagnostic algorithms with good clinical 
applications.     
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           Introduction 

 Tumours of bone and soft tissue represent a 
 heterogenous population of relatively uncommon 
neoplasms. Accurate classifi cation is imperative 
for ensuring proper treatment; this can be com-
plicated by their rarity, frequent overlap with 
other entities and limitations imposed by certain 
methods of tissue sampling (e.g. needle core 
biopsy). In recent decades our understanding of 
the molecular pathophysiology of these entities 
has rapidly expanded. Paralleling this advance, the 
importance of molecular diagnostics in the diag-
nosis of soft tissue tumours is ostensibly greater 
than any other specialty in pathology [ 1 ]. On the 
precipice of a revolution in molecular diagnostics—
typifi ed by next generation sequencing and expres-
sion array analysis—that will soon be ushered into 
routine clinical use, the purpose of this chapter is 
to summarize the  current  state of clinically 

 relevant molecular diagnostics in bone and soft 
tissue pathology. 

 Mesenchymal tissues are not restricted to the 
musculoskeletal system. Indeed, they support 
every organ of the body. Discussion of organ- 
based soft tissue tumours can be found within 
their respective organ chapters. This chapter is 
restricted to representation of those typically 
found in the musculoskeletal system. 

 It is convenient to broadly classify bone and 
soft tissue tumours based on the nature of their 
underlying molecular abnormality: tumours with 
specifi c recurrent translocations, tumours with 
oncogenic mutations and tumours with nonspe-
cifi c genetic fi ndings and complex unbalanced 
karyotypes [ 2 ]. In evaluating a case, it is neces-
sary to have a unifying approach that includes 
integration of the clinical, radiologic and histo-
pathologic attributes of the tumour. The latter is 
largely infl uenced by tumour morphology and 
supported by ancillary studies such as immuno-
histochemistry, molecular and cytogenetic analy-
sis, as well as other techniques (e.g. electron 
microscopy and special stains). This chapter 
offers a diagnostic approach to tumours of bone 
and soft tissue; following the classifi cation 
scheme of the World Health Organization [ 3 ], in 
which tumours are organized based on their puta-
tive cell of origin. This space does not permit an 
in- depth coverage of all of the characterized 
molecular alterations in bone and soft tissue 
tumours so this review is predominantly focused 
on molecular diagnostic tests used currently. 
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    Adipocytic Tumours 

    Atypical Lipomatous Tumour, 
Well- Differentiated and 
Dedifferentiated Liposarcoma 
 Liposarcoma is the most common type of soft 
 tissue sarcoma. It typically occurs in middle-aged 
adults and affects males and females equally [ 4 ,  5 ]. 
Atypical lipomatous tumour (ALT) and well- 
differentiated liposarcoma (WD-LPS) are syn-
onymous, with the former term employed for 
extremity-based lesions [ 6 ]. Histologically, 
tumours are composed of sheets of adipocytes of 
variable size and shape. Scattered lipoblasts and 
enlarged hyperchromatic nuclei are typical of the 
‘lipoma- like variant’ but can be less conspicuous 
in the ‘sclerosing’ and ‘infl ammatory’ subtypes. 
Dedifferentiation (DD-LPS) more frequently 
occurs in the retroperitoneum and mediastinum. 
Histologically this is typifi ed by spindle cells 
with a storiform pattern and a greater degree of 
pleomorphism, mitotic activity and necrosis. 
This heralds a more aggressive tumour with the 
potential for metastatic spread. The diagnosis of 
ALT/WD-LPS is largely based on morphology; 
the presence of staining for p16 by immunohisto-

chemistry is a potentially helpful adjunct [ 7 ]. The 
diagnosis of DD-LPS is facilitated by a history, 
or radiology or histologic evidence of a well- 
differentiated component. The immunohisto-
chemical profi le tends to be nonspecifi c, with 
variable expressions of S100, CD34 and smooth 
muscle actin and desmin. 

 The cytogenetic fi ndings in WD-LPS and 
DD-LPS are similar (reviewed in [ 4 ]). One or two 
‘marker chromosomes’ with a supernumerary 
ring or giant rod, containing regions of chromo-
some 12, may be observed [ 8 ]. Dedifferentiation 
may include added numbers of marker chromo-
somes, in addition to a greater degree of cytoge-
netic complexity [ 4 ]. Fluorescence in situ 
hybridization (FISH) and comparative genomic 
hybridization (CGH) consistently show ampli-
fi cation in the q14–15 region (Fig.  21.1 ). 
Amplifi cation of this region results in increased 
cell proliferation and decreased apoptosis [ 4 ]. 
 MDM2  falls within this region and is almost 
invariably amplifi ed [ 9 ], while other genes in this 
area are less consistently amplifi ed, such as 
 HMGA2  and  CDK4  [ 4 ]. Immunohistochemistry 
is available for each of these products, but it is 
less sensitive and specifi c than FISH. FISH for 

  Fig. 21.1    ( a ) Haematoxylin and eosin stained section dem-
onstrating a well-differentiated liposarcoma. ( b ) Interphase 
fl uorescence in situ hybridization for  MDM2  showing 
amplifi cation of MDM2. The spectrum orange signal is 

amplifi ed  MDM2  (12q15) relative to the  spectrum green 
cen(12) signal (Probe: LSI MDM2 CEP12, Vysis, Abbott; 
image courtesy Ms. M. Wood)       
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 MDM2  amplifi cation is now routinely used to 
facilitate the diagnosis of WD-LPS/DD-LPS as 
over 90 % of these tumours will show this altera-
tion [ 10 ,  11 ]. Polymerase chain reaction (PCR)-
based techniques have also been shown to be 
diagnostically useful [ 10 ,  12 ].

       Myxoid/Round Cell Liposarcoma 
 Less common than the conventional subtype of 
liposarcoma, myxoid/round cell liposarcoma rep-
resents approximately 15–20 % of liposarcomas 
[ 3 ]. It tends to occur at a younger age, with a 
median of 45 years, and possible male predomi-
nance [ 13 ]. The most common location is the 
deep soft tissues of the extremities, with 90 % 
arising in the lower limb [ 13 ]. Tumours are com-
posed of hypocellular sheets of spindle- polygonal 
cells with pale eosinophilic cytoplasm. The 
nuclei are round-ovoid and small with minimal 
atypia and rare mitotic activity. Scattered mono- 
and multi-vacuolated lipoblasts are generally 
readily identifi ed. The background typically con-
tains a ‘chicken wire-like’ vasculature and pools 
of myxoid stroma. Round cell liposarcoma is 
characterized by cellular areas with a high nuclear 
cytoplasmic ratio and lacking intervening stroma 
[ 3 ]. If this is greater or equal to 5 %, this feature 
is correlated with poorer outcome [ 14 ]. 
Immunohistochemistry is of limited value in con-
fi rming the diagnosis; however, over-expression 
of p53 is an independent predictor of poor out-
come in localized disease [ 14 ]. 

 Over 90 % of cases contain a recurrent t(12;16)
(q13;p11) translocation involving  DDIT3  (for-
merly  CHOP ) and  TLS  (formerly  FUS ) [ 15 ]. 
Less commonly, cytogenetics reveal a t(12;22)
(q13;q12) translocation, whereby  DDIT3  is part-
nered with  EWSR1 . Other structural rearrange-
ments have also been described [ 16 ]. Diagnosis 
of myxoid/round cell is readily confi rmed by 
FISH for  TLS  (and  EWS  when presented with a 
negative TLS result and classic histomorphol-
ogy); alternatively, a  DDIT3  break-apart probe 
can be used to cover both forms of rearrange-
ments [ 17 ].  TLS  has several common variable 
breakpoints fusing exons 5, 7 and 8, with exon 2 of 
 DDIT3 ; this leads to three basic transcript types: 
type I (7-2), type 2 (5-2) and type 3 (8-2), which 

do not appear to have prognostic signifi cance [ 14 ]. 
Other fusion transcripts have been reported for 
both  FUS - DDIT3  and  EWSRI - DDIT3     [ 14 ,  18 ], 
thereby complicating use of PCR as a diagnostic 
method (Fig.  21.2 ) [ 17 ]. Of interest, this fusion 
product, when transfected into cells in culture, 
induces a myxoid liposarcoma phenotype [ 19 ,  20 ]. 
It is possible that this is accomplished via dysreg-
ulation of the nuclear factor-kappaB (NFKB) 
pathway through interactions with the FUS-
DDIT3 product [ 21 ,  22 ].

        Fibroblastic/Myofibroblastic Tumours 

    Nodular Fasciitis 
 Nodular fasciitis is a common and benign soft tis-
sue tumour which can occur at any age, affecting 
children to the elderly, but is most common in 
young adults. It typically forms in the subcutis, 
but may present anywhere on the body, predomi-
nately in the upper limbs and head and neck 
region [ 23 ]. Histologically it is composed of 
spindle cell lesion arranged in short fascicles, in a 
storiform or with a patternless distribution. The 
cytoplasm is pale and wispy with bland ovoid 
nuclei showing conspicuous mitotic activity; 
atypical mitotic fi gures and pleomorphism are 
not a feature of nodular fasciitis. Interspersed 
between the cells is stroma that is variably 
 myxoid-collagenous, scattered lymphocytes, 
osteoclast-like giant cells as well as extravasated 
erythrocytes. Immunohistochemistry generally 
confi rms a myofi broblast-type phenotype, with 
expression of smooth muscle actin. 

 Historically, nodular fasciitis was thought to 
be a reactive lesion, perhaps instigated by 
trauma. Recently, it was found that most cases 
are characterized by rearrangement of  USP6  
(ubiquitin- specifi c peptidase 6). In approxi-
mately 90 % of cases there is fusion with  MYH9  
(myosin heavy chain 9, non-muscle) [ 23 – 25 ]. 
Both FISH-and PCR-based assays have proved 
useful as  diagnostic markers for nodular fasci-
itis [ 23 – 25 ]. The translocation leads to over- 
expression of  USP6 , a protein shown to be 
involved in proliferation, infl ammation and cell 
signalling [ 23 ].  
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    Low-Grade Fibromyxoid Sarcoma 
 Low-grade fi bromyxoid sarcoma (LGFMS) and 
hyalinizing spindle cell tumour with giant 
rosettes fall on a histologic continuum. These 
malignant fi broblastic tumours are rare and 
 frequently characterized by a long clinical 
 history prior to  presentation and late metastases. 
They predominate in young adults (range from 2 
to 70 years) [ 26 ] without an obvious sex predi-
lection [ 27 ]. Tumours maybe deep or superfi cial; 

they are frequently located in the trunk and 
extremities, but can occasionally be intra-
abdominal [ 27 ]. The morphology is deceptively 
bland, with monomorphic spindle cells showing 
a streaming or whorled pattern, frequently con-
densed along a delicate curvilinear vasculature. 
The nuclei are ovoid and mitotic activity is typi-
cally rare. The stroma is largely fi brous, but 
myxoid areas are typically present. Unusual 
fi ndings, including collagen rosettes, sheets of 

  Fig. 21.2    ( a ) Haematoxylin and eosin stained section 
demonstrating a myxoid liposarcoma. ( b ) Interphase fl uo-
rescence in situ hybridization showing  FUS  rearrange-
ment with a dual colour break-apart probe. Many of the 
cells contain both a fusion signal, where the probes are 
closely approximated, and a break-apart signal, where the 
spectrum orange and spectrum green signals are widely 
separated within the nucleus (Probe: LSI FUS, Vysis, 
Abbott; image courtesy Ms. M. Wood). ( c ) Composite 
image of gel electrophoresis showing representative 

bands positive and negative for two forms of  TLS - DDIT3  
fusion transcripts: Lane 1: 25 bp ladder. Lanes 2–4:  Case 
1 ,  PGK  (247 bp), type II positive (245 bp), type I negative. 
Lanes 5–7:  Case 2 ,  PGK  (247 bp), type II negative, type I 
positive (338 bp). Lanes 8–10:  Case 3 ,  PGK  (247 bp), 
type I and type II negative. D. Sequencing confi rming 
presence of type II fusion transcript:  TLS  exon 5 
GGTGGAGGTGGAG//TGTTCAAGAAGGAAG  DDIT3  
exon 2 (C & D courtesy Mr. D. Swanson)       
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spindle cells, pleomorphism, ossifi cation and 
multinucleation are less common [ 27 ]. Tumours 
frequently show focal immunoreactivity for actin 
and epithelial membrane antigen; more recently, 
MUC4 has been described as specifi c and sensi-
tive marker [ 28 ]. 

 The majority of cases of LGFMS are charac-
terized by a t(7;16)(q32–34;p11) translocation 
derived from fusion of  FUS  and  CREB3L2    , with 
a minority exhibiting a t(11;16)(p11;p11) trans-
location that results in the pairing of  FUS  and 
 CREB3L1 . Recently two cases exhibiting fusion 
of  EWSR1 and  CREB3L1  were described [ 29 ]. 
Both FISH and RT-PCR are useful diagnostic 
techniques for identifying this translocation. 
Given the possibility of multiple different fusion 
products, the use of commercially available 
EWSR1 and FUS break-apart probes represents a 
convenient means of diagnostic confi rmation. 
The different fusion products do not appear to be 
associated with morphologic or immunohisto-
chemical differences; at present there is insuffi -
cient information to know if the fusion product is 
associated with differences in clinical behaviour 
[ 29 ]. CREB3L2 is similar in structure and func-
tion to CREB3L1 [ 30 ]; the role of these chimae-
ric proteins remains unclear, but is likely related 
to altering transcriptional activation [ 31 ].  

    Inflammatory Myofibroblastic Tumour 
 Infl ammatory myofi broblastic tumour (IMT) is a 
neoplasm showing (myo)fi broblastic differentia-
tion. This tumour spans a broad demographic, 
ranging from prenatal to the elderly, but is most 
common in children with a similar frequency 
amongst both sexes. Tumours are not restricted 
by anatomic location, but most frequently 
involve the abdominal and chest cavities, fol-
lowed by the viscera, head and neck and soft tis-
sues. Roughly 10–30 % cases are associated with 
a fever and weight loss along with a number of 
haematologic fi ndings [ 32 ]. Histologically, 
tumours generally fall into one of three basic his-
tologic subtypes. The fi rst resembles granulation 
tissue or nodular fasciitis; it contains loosely 
organized spindle cells set within a myxoid 
stroma with small vessels and a mixed infl amma-
tory infi ltrate. The second pattern is more cellu-
lar and contains fascicles of spindle cells in a 

variably myxoid and collagenous background. 
There is a diffuse infl ammatory infi ltrate that 
largely includes plasma cells and lymphocytes. 
Finally, the third pattern contains prominent col-
lagen deposition resembling scar or fi bromato-
sis, with scattered lymphocytes, plasma cells and 
eosinophils [ 3 ,  32 ]. Immunohistochemistry fre-
quently demonstrates expression of smooth mus-
cle actin, desmin and keratin [ 32 ]. Roughly half 
of the cases are positive for ALK by immunohis-
tochemistry [ 32 ]. 

 Approximately half of infl ammatory myofi -
broblastic tumours contain rearrangement of the 
2p23 region corresponding to the  ALK  gene [ 33 ]. 
Molecular diagnostic confi rmation is becoming 
imperative given the emergence of targeted thera-
pies based on inhibition of ALK tyrosine kinase 
[ 34 ]. Numerous fusion partners have been 
reported, including  TPM3  and  TPM4  [ 35 ],  CLTC  
[ 14 ],  RANBP2  [ 36 ],  ATIC  [ 37 ],  CARS  [ 38 ], 
 SEC31L1  [ 39 ] and  PPFIBP  [ 40 ], with new fusion 
partners continually being identifi ed. The mecha-
nism of tumorigenesis in cases without ALK 
rearrangement, remains to be explained. Given 
the large percentage of ALK negative cases, it 
should be emphasized that the diagnosis fre-
quently rests on morphologic and immunohisto-
chemical criteria. Some fusion products have 
been reported to be associated with a worse prog-
nosis, such as  RANBP2 - ALK  [ 41 ]. Interestingly, 
at least some of these cases are associated with an 
epithelioid morphology; in addition, rather than 
showing the typical cytoplasmic pattern of ALK 
expression, they may be a perinuclear or nuclear 
membrane decoration [ 41 ]. Other molecular 
changes have been described in infl ammatory 
myofi broblastic tumour, including p53 mutations 
and MDM2 amplifi cation [ 42 ]. The various 
fusion partners are reported to share an N-terminal 
oligomerization motif that leads to ALK kinase 
catalytic activation [ 36 ].   

    Smooth Muscle Tumours 

 Currently there is no diagnostic molecular 
marker routinely available for smooth muscle 
neoplasms. It has, however, recently been dem-
onstrated that about 70 % of uterine leiomyomas 
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contain mutations in the mediator complex sub-
unit 12 ( MED12 ) gene [ 43 ]. Subsequent reports 
found that mutations also occurred in 7–20 % of 
uterine leiomyosarcoma [ 44 ,  45 ], implying that 
this test cannot be used to differentiate benign 
from malignant uterine smooth muscle tumours. 
The presence, albeit rare, of mutations in extra-
uterine leiomyomas [ 46 ,  47 ] further suggests this 
cannot be used to differentiate the site of origin 
of smooth muscle tumours.  

    Skeletal Muscle Tumours 

    Alveolar Rhabdomyosarcoma 
 Alveolar rhabdomyosarcoma (ARMS) is a sar-
coma that occurs predominantly in older chil-
dren (median age at diagnosis 9 years) [ 48 ]. It 
usually presents as a mass in the extremities, 
although the head and neck, trunk and retroperi-
toneum can also be affected [ 48 ]. The diagnosis 
rests upon a combination of light microscopy, 
immunohistochemistry and molecular diagnos-
tics. The morphology has been extensively 
reviewed elsewhere [ 49 ,  50 ]; in short, ARMS 
comprises nests of round cells with central 
 discohesion, peripheral palisading and a fi ne col-
lagenous stroma. The original description 
emphasized the alveolar architecture and nested, 
discohesive pattern of the tumour cells [ 51 ]. 
Cells are usually round to oval hyperchromatic 
nuclei and scant to moderate amounts of dense 
eosinophilic cytoplasm. Multinucleation is com-
monly seen, and solid variants of ARMS are 
described [ 49 ]. Immunohistochemistry shows 
positivity for MyoD1, myogenin (nuclear, major-
ity of cells) and desmin [ 52 ,  53 ]. Further, certain 
immunohistochemical markers can be used to 
aid in  subclassifi cation of rhabdomyosarcoma. 
Diffuse myogenin, p-cadherin and AP2 beta pos-
itivity are associated with ARMS, whereas 
EGFR, fi brillin-2 and IGF-2 expression are asso-
ciated with embryonal rhabdomyosarcoma 
(ERMS) [ 54 ,  55 ]. 

 Molecular diagnostics demonstrates a rear-
rangement involving the  FOXO1  gene with a 
member of the  PAX  family of genes [ 49 ]. 
Approximately 50 % harbour a t(2;13)(q35;q14) 
rearrangement with the formation of a 

 FOXO1 / PAX3  fusion gene, whereas approxi-
mately 25 % will harbour a t(1;13)(p36;q14) 
rearrangement and a  FOXO1 / PAX7  fusion gene 
[ 56 ]. The remaining tumours do not harbour 
diagnostic rearrangements and are termed 
‘translocation- negative’ ARMSs [ 57 ,  58 ]. 
Translocation-negative ARMS has a better out-
come than translocation-positive ARMS [ 59 ,  60 ], 
and some suggest that such tumours are clinically 
indistinguishable from ERMS [ 59 ]. Recently it 
has been shown that PAX3/FOXO1-positive non-
metastatic patients had a signifi cantly worse out-
come than those whose tumours were either 
translocation negative or PAX7/FOXO1 positive. 
Interestingly, a ‘clinicomolecular risk score’ 
incorporating fusion gene status, TNM stage and 
age was a better predictor of outcome compared 
to the current risk-stratifi cation scheme [ 60 ,  61 ]. 
The  PAX3 / FOXO1  transcript is thought to con-
tribute to tumorigenesis via pleiotropic mecha-
nisms, including stimulation of cell proliferation, 
promotion of cell survival, suppression of differ-
entiation and, perhaps, increased angiogenesis 
(reviewed in [ 62 ]). A recent study using gene 
ontology analysis of microarray data and other 
studies showed that the presence of the PAX3/
FOXO1 translocation resulted in changes in 
apoptosis, cell death, development and signal 
transduction genes which may contribute to the 
worse prognosis [ 63 ,  64 ].   

    Tumours of Nerve Sheath Origin 

    Malignant Peripheral Nerve Sheath 
Tumours (MPNST) 
 MPNST is a malignancy that occurs predomi-
nantly in adults, with 10–20 % being diagnosed 
in the fi rst 2 decades of life [ 65 ]. It accounts for 
between 5 and 17 % of all paediatric soft tissue 
sarcomas [ 65 ]. Typically, MPNST occurs as a 
mass in the subcutaneous or deep soft tissues 
[ 65 ,  66 ], and if the patient has neurofi bromatosis 
(NF1), it may arise in association with a pre- 
existing neurofi broma [ 66 ]. Risk factors for the 
development of MPNST include a diagnosis of 
NF1 and prior irradiation, and patients with NF1 
generally develop MPNST 10 years earlier than 
non-NF1 patients [ 67 ]. 
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 The diagnosis of MPNST relies upon one or 
more of the following clinicopathological criteria 
being present: (1) the tumour arises within a 
peripheral nerve; (2) the tumour arises from a 
pre-existing benign or malignant peripheral nerve 
tumour; (3) the tumour arises in a patient with 
NF1 or (4) the tumour arises in a patient without 
NF1, but has the same histologic features of 
MPNST, and shows evidence of Schwannian or 
perineurial cell differentiation by immunohisto-
chemistry or ultrastructural analysis [ 66 ]. 
Histologically, MPNSTs are tumours composed 
of spindle cells with a sheet-like architecture [ 66 , 
 67 ]. The cells are tightly packed and nuclei are 
oval, tapered or wavy. Many different architec-
tures have been noted in MPNST, and MPNST is 
a great mimic of other spindle cell neoplasms 
including fi brosarcoma and synovial sarcoma [ 66 , 
 67 ]. Numerous morphologic subtypes of MPNST 
are recognized, including epithelioid, mesen-
chymal, perineurial, rhabdomyosarcomatous and 
glandular [ 67 ,  68 ]. Immunohistochemistry shows 
focal neural differentiation (S100 protein, CD57) 
in up to 70 % of cases, and EMA and CD34 stain-
ing may also be seen (reviewed in [ 65 ,  67 ]). 

 Molecular genetic analysis of MPNSTs has 
failed to show diagnostic recurrent rearrange-
ments. However, MPNSTs are characterized by 
markedly complex karyotypes, encompassing 
multiple chromosomal losses, gains and rear-
rangements. Losses involving the short arms of 
chromosomes 1, 3, 9, 10, 11, 15, 17 and 22 have 
been reported, as well as loss of material on the 
long arms of chromosomes 11, 13, 16, 17 and 22 
(reviewed in [ 67 ]). Rearrangements have been 
reported, most commonly involving 1p, 7p22, 
11q13–23, 20q13 and 22q11–13 (reviewed in 
[ 67 ]). By CGH analysis, gains of 17q23–25 and 
7p15–21 have been associated with a poorer 
prognosis [ 69 ]. 

 The role of NF1 is intriguing. NF1 is a canoni-
cal tumour suppressor, and loss of function leads 
to activation of the Ras pathway [ 70 ]. This activ-
ity promotes the development of multiple periph-
eral nerve sheath tumours, as seen in patients with 
NF1 [ 68 ,  70 ]. Loss of the second copy of NF1 
may contribute to the development of MPNST in 
these tumours, but additional genetic alterations 

are required for malignant transformation (e.g. 
 TP53 ,  RB  and  CDCKC ) [ 71 ,  72 ]. Certainly, 
expression array studies have found a marked 
dysregulation of several genes when comparing 
MPNST to Schwann cells, with downregulation 
of differentiation-associated genes and upregula-
tion of neural crest-associated proteins such as 
TWIST and SOX9 [ 73 ].   

    Tumours of Vascular Origin 

    Haemangioma of Bone 
 Haemangiomas represent an eclectic population 
of benign vascular neoplasms occurring through-
out the body, spanning virtually the entire life 
cycle and without obvious sex predilection. 
Diagnosis is typically made on clinical- radiologic 
grounds and can readily be confi rmed on biopsy. 
Occasionally, on needle core samples, the pres-
ence of obscuring adipose and fi brous tissue can 
complicate interpretation. 

 Despite their high prevalence, not much is 
known about their pathophysiology. Recently a 
t(18;22)(q23;q12) translocation bridging the 
 EWSR1 - NFATC1  genes was identifi ed in a case 
of haemangioma of bone [ 74 ]. The prevalence of 
this translocation in other vascular lesions 
remains to be determined.  NFATC1  is a member 
of the NFAT transcription factor family which 
has pleiotropic effect on cells;  EWSR1 - NFATC1  
chimaeras have rarely been reported in Ewing 
Family of Tumours [ 74 ]. 

 Recently, through whole genome sequencing, 
so-called port wine stains arising within and 
without a background of Sturge-Weber syndrome 
have been linked to somatic activating mutation 
in  GNAQ  [ 75 ].  

    Epithelioid Haemangioendothelioma 
 Epithelioid haemangioendothelioma is a malig-
nant vascular neoplasm that can occur at essen-
tially any age, but which predominates in the 
second decade. There is no obvious sex predispo-
sition and tumours can ostensibly arise anywhere 
in the body. Histologically, lesions frequently 
contain a prominent myxohyaline background and 
can arise within, or in association with a vessel. 
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The tumour is composed of individual and cords 
of epithelioid cells with abundant eosinophilic 
cytoplasm, some of which contain clear cytoplas-
mic vacuoles with erythrocytes. The nucleus is 
ovoid with mild pleomorphism and prominent 
nucleoli; mitotic activity is frequently conspicu-
ous. A subset of cases may show greater atypia, 
well-formed vascular lumens lined by plump epi-
thelioid cells, and nested and/or solid growth. 
Tumours typically express CD31, CD34, Factor 
VIII, ERG and FLI-1 immunoreactivity. 

 A recurrent t(1;3)(p36.3;q25) translocation 
was identifi ed in epithelioid haemangioendothe-
lioma [ 76 ] which results in a  WWTR1 - CAMTA1  
gene fusion [ 77 ,  78 ]. This involves fusion of exon 
3 or 4 of  WWTR1  with exon 8 or 9 of  CAMTA1  
[ 77 – 79 ]. Both break-apart FISH and RT-PCR are 
effective diagnostic tools for detecting the fusion 
(Fig.  21.3 ). Interestingly, recently a subset of epi-
thelioid haemangioma showing an atypical mor-
phology was discovered to contain a  YAP - TFE3  
fusion partner [ 80 ]. Parenthetically, these tumours 
are readily identifi ed using immunohistochemis-
try for TFE3, which is diffusely and strongly posi-
tive [ 80 ]. At present, given the limited number of 
cases, it is unclear whether this will translate into 
a difference in clinical presentation or prognosis. 

Cytogenetic studies have raised the possibility of 
other potential fusion products, but this remains to 
be characterized [ 76 ,  81 – 83 ].

      Angiosarcoma 
 Malignant vascular tumours show a wide range 
in morphologic fi ndings, but are frequently char-
acterized by vascular channels with multilayer-
ing of cells, nuclear pleomorphism, nuclear 
hyperchromasia and mitotic activity. Tumours 
can arise at any age but predominate in the 
elderly. Excluding discussion of Kaposi’s sar-
coma   , which is associated with HHV8 infection, 
angiosarcomas may arise de novo or be associ-
ated with radiation exposure, lymphoedema or 
exposure to certain chemicals. Tumours are typi-
cally positive for CD31, CD34, ERG and FLI-1. 

 No comprehensive molecular studies have been 
undertaken for angiosarcoma to date [ 84 ]; hence 
little is known regarding the pathogenesis of 
tumours arising de novo in the deep soft  tissues. 
In the head and neck region, a single case with a 
t(12;22) translocation involving  EWSR1 - ATF1     has 
been reported [ 85 ]. In bone, there is a single report 
of a t(1;14)(p21;q24) translocation [ 86 ]. In the set-
ting of radiation-induced angiosarcoma, MYC 
amplifi cation has been detected by FISH [ 87 ].   

  Fig. 21.3    ( a ) Haematoxylin and eosin stained section 
demonstrating a conventional epithelioid haemangioen-
dothelioma. ( b ) Sequencing confi rming presence of 

fusion transcript:  WWTRI  exon 4 ATCTCG//GAGCTGG 
 CAMTA 1 exon 9 (courtesy Mr. D. Swanson)       
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    Tumours of Cartilage 

 With some exceptions, tumours of cartilage 
show a continuum in clinical and histologic fi nd-
ings. The conventional spectrum includes the 
benign enchondroma which is a cartilaginous 
tumour that affects individuals at all ages and 
most commonly occurs in the short and long 
tubular bones. At the malignant end of the spec-
trum is chondrosarcoma, which is most common 
in late adulthood. It can arise secondary to 
enchondroma particularly in the setting of 
Ollier’s disease, but most are primary tumours. 
The most common locations include the pelvis 
and long tubular bones. Histologically, enchon-
droma is hypocellular and composed of bland 
chondrocytes with pale eosinophilic cytoplasm 
and bland nuclei lacking mitotic activity. The 
background is avascular and composed of hya-
line cartilage. The tumour does not permeate 
between existing bone trabeculae, and if this fea-
ture is present, the fi ndings warrant consider-
ation of a diagnosis of low- grade chondrosarcoma. 
The diagnosis of chondrosarcoma is dependent 
on the presence of nuclear pleomorphism, bi- or 
multinucleated cells and mitotic activity, the 
severity of which dictates the histologic grade of 
these tumours. 

 Despite their frequency, only recently are the 
genetic mechanisms underlying these tumours 
being elucidated. Mutations in the isocitrate 
dehydrogenase genes  IDH1  or  IDH2  have been 
described in roughly half of enchondromas and 
chondrosarcomas [ 88 ,  89 ]. This mutation does 
not occur in potential mimics, thus, when pres-
ent, may permit a means of differentiation from 
chordoma [ 90 ] and chondroblastic osteosar-
coma [ 91 ]. Whole exome sequencing has con-
fi rmed this observation, and it has further 
revealed mutations in  COL2A1  in 37 % of cases; 
in addition, mutations were confi rmed in  TP53  
and the RB1 and Hedgehog pathways [ 92 ]. 
Subtypes of chondrosarcoma have been associ-
ated with different molecular fi ndings. For 
example, mesenchymal chondrosarcoma has 
been reported to frequently show  HEY1 - NCOA2  
fusion products [ 93 ,  94 ].  

    Tumours of Bone 

   Aneurysmal Bone Cyst 
 Aneurysmal bone cyst may arise de novo, or 
 secondary to another underlying lesion such as 
giant cell tumour of bone. It is most common in 
the fi rst 2 decades and most frequently involves 
the metaphysis of long bones and the spine. The 
name of this tumour is somewhat misleading as 
soft tissue variants have also been encountered; 
in addition, there are solid variants. Histologically, 
it generally consists of fi brous septae containing 
bland spindle cells, osteoclast-type multinucle-
ated giant cells and osteoblasts rimming delicate 
woven bone surrounding cavities containing 
pools of blood. The diagnosis is not diffi cult 
when diagnostic imaging and adequate sampling 
are obtained; however, limited sampling and 
unusual variants can occasionally pose a diag-
nostic challenge. 

 Recurrent clonal karyotypic abnormalities 
have been reported in primary aneurysmal bone 
cyst, including a t(16;17)(q22;p13) translocation 
[ 95 ,  96 ], which involves production of a  CDH11 - 
USP6     fusion product [ 97 ]; other reported translo-
cations include t(1;17)(p34.1–34.3;p13), t(3;17)
(q21;p13), t(5;17)(q33;p13), t(9;17)(q22;p11–
12), t(11;16)(q13;q22–23) and t(17;17)(q12;p13) 
and t(6;13)(q15;q34) translocations [ 86 ,  87 ,  98 –
 100 ]. Based on the fact that most translocations 
involve  USP6 , and a varied number of fusion 
partners, break-apart FISH for  USP6  would be 
the most diagnostically helpful.  

   Osteosarcoma 
 Osteosarcoma represents a malignant bone form-
ing neoplasm for which numerous subtypes exist. 
The molecular biology of conventional subtypes 
is generally characterized by complex and unbal-
anced chromosomal abnormalities, and to date, 
few fi ndings have translated into diagnostic 
markers. Specifi c subtypes have, however, lim-
ited diagnostic molecular applications. For exam-
ple, parosteal osteosarcoma is associated with 
ring chromosomes and the majority have amplifi -
cation of  MDM2  and  CDK4  [ 86 ,  87 ,  101 ,  102 ], 
which can readily be confi rmed by FISH and/or 
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immunohistochemistry. Interestingly, there is a 
single report of small cell osteosarcoma harbour-
ing an  EWSR1 - CREB3L1  fusion product [ 103 ].   

    Tumour of Uncertain Origin 

   Synovial Sarcoma 
 Synovial sarcoma occurs in older children, ado-
lescents and young adults [ 104 ], with its inci-
dence peaking in the third to fourth decade [ 105 ]. 
It usually occurs as a mass in the soft tissues of 
the extremities, particularly around the knee and 
ankle, although the upper extremity, trunk and 
head and neck can also be affected [ 105 ,  106 ]. It 
is not a tumour of synovium, and the name 
remains as a historical anachronism [ 107 ]. 
Microscopically, it is a sarcoma that in its classi-
cal form is biphasic, with both epithelial and 
mesenchymal components [ 105 ,  106 ]. The epi-
thelioid portion comprises nests or glands of 
cuboidal or columnar cells; occasionally, such 
cells form a network of whorls or strands through-
out the tumour [ 105 ]. Ultrastructurally, the epi-
thelioid component has features of true epithelial 
differentiation, including desmosomes, micro-
villi and tight junctions [ 108 ]. The mesenchymal 
component comprises spindle cells forming 
sheets with scant collagen [ 96 ,  97 ]. Monophasic 
forms exist, usually composed of spindle mesen-
chymal cells without an epithelial component, 
and can mimic fi brosarcoma or malignant periph-
eral nerve sheath tumour [ 106 ]. SS can occur as a 
monophasic epithelial tumour, in which case it 
would be indistinguishable from adenocarcinoma 
without cytogenetics [ 106 ]. Other morphologic 
variants include myxoid, calcifying and poorly 
differentiated [ 106 ,  109 ]. The poorly differenti-
ated form is particularly diffi cult to diagnose, and 
without coexisting foci of classical SS, requires 
the use of ancillary investigations for correct 
diagnosis. Immunohistochemistry is helpful and 
demonstrates focal and variable positivity for 
epithelial markers, including cytokeratins and 
EMA. Bcl-2 is usually diffusely positive, but this 
fi nding is less specifi c. More recently, TLE1 has 
been touted as a very specifi c marker for SS 
[ 110 ], with some authors suggesting positive 
nuclear staining may avoid the need for molecu-

lar confi rmation of the presence of the fusion 
transcript [ 111 ]. However, others have not found 
a signifi cant association between TLE1 positivity 
and SS [ 112 ], so the diagnostic utility of using 
TLE1 immunostaining rather than molecular 
analysis requires further study. 

 Molecular genetic analysis of synovial sar-
coma demonstrates recurrent rearrangements 
involving the  SYT  gene on 18q11.2 and the SSX 
family of genes on Xp11.2. The latter includes 
 SSX1 ,  SSX2  and rarely  SSX4  [ 104 ]. The biologic 
function of the fusion genes is not clear, although 
SYT has been suggested to have a role in chroma-
tin remodelling [ 104 ,  113 ] and expression of vari-
ous transcription factors. The SSX genes, of 
which there are nine recognized members, func-
tion as transcriptional repressors [ 114 ,  115 ]. 
Various studies describing gene expression pro-
fi les in synovial sarcoma have demonstrated 
upregulation of proteins involved in several onco-
logically important pathways, including  IGF , 
 ERBB2  and beta-catenin (reviewed in [ 104 ]), as 
well as possible involvement of  NMYC  [ 116 ]. 
Further, constitutive expression of the chimaeric 
protein promotes phenotypic transformation in rat 
fi broblasts in culture, with a histologic appear-
ance similar to SS [ 117 ]. The translocation type 
infl uences the histology, with SYT/SSX1 tran-
scripts more frequently associated with the bipha-
sic subtype and the SYT/SSX2 transcript with the 
monophasic subtype [ 118 ]. Prognostically, the 
fusion transcript subtype does not infl uence out-
come as shown in several studies [ 114 ,  119 ].  

   Alveolar Soft Part Sarcoma 
 This is a very rare neoplasm that occurs across a 
broad age range, but predominantly affects young 
adults. Despite being relatively indolent, this 
tumour has a high rate of metastases, particularly 
late. Tumours are characterized histologically by 
small groups of cells with a nested or pseudoal-
veolar pattern; these are separated by thin fi bro-
vascular septae. The cells are typically polygonal 
with pale cytoplasm, and the nuclei are round with 
macronucleoli. Periodic acid Schiff stain with 
diastase highlights the cytoplasmic crystals. 
Immunohistochemistry for desmin and S100 are 
occasionally positive, and there is almost always 
strong nuclear expression of TFE3 [ 120 ]. 
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 Tumours are defi ned by the presence of a 
 typically, but not invariably, unbalanced der(17)
t(X;17)(p11;q25) translocation [ 94 ,  95 ], resulting 
in a  ASPL - TFE3  fusion product [ 121 ]. This trans-
location is readily identifi ed using a TFE3 break- 
apart probe, or via RT-PCR [ 122 ].  

   Clear Cell Sarcoma 
 Clear cell sarcoma is a malignant neoplasm with 
melanocytic differentiation. Tumours generally 
occur in young adults, without signifi cant sex 
predilection, and are typically found in the deep 
tissues of the extremities [ 123 ]; however, unusual 
locations such as the trachea, skin, gastrointesti-
nal tract and kidney occur. Histologically, 
tumours generally have a nested pattern of growth 
of spindle-epithelioid cells with hyalinized col-
lagen interspersed between groups of tumour. 
The cytoplasm is often amphophilic and the 
nuclei monomorphic with macronucleoli. 
Scattered multinucleated giant cells are a fre-
quent fi nding. Immunohistochemistry is almost 
invariably positive for S100, HMB45, MART-1 
and MiTF, making molecular analysis critical for 
differentiation from melanoma. 

 Tumours are characterized by reciprocal 
t(12;22)(q13;q13) translocations [ 94 ,  95 ,  124 ]. 
This leads to the formation of a  EWSR1 - ATF1  
fusion product [ 125 – 127 ]. Exons 8, 7 and 10 of 
 EWSR1  have been reported to fuse with exon 4 or 
5 of  ATF1  (the pubmed ID is stated in the text) 
18300804. More recently,  EWSR1 - CREB1     fusion 
products have been described for clear cell in clear 
cell sarcomas arising in both the soft tissues and 
gastrointestinal locations [ 123 ,  128 ,  129 ]. RT-PCR 
remains an excellent means of diagnosing this 
tumour [ 129 ,  130 ]. Given the presence of multiple 
fusion partners, fl uorescence in situ hybridization 
with a break- apart EWSR1 probe is convenient. 
The fusion type does not appear to be associated 
with outcome [ 123 ,  130 ]. Expression of the 
 EWS / ATF1  fusion product in a murine model has 
been shown to generate tumours similar to those 
arising spontaneously in humans [ 131 ].  

   Extraskeletal Myxoid Chondrosarcoma 
 Despite its name, extraskeletal myxoid chondro-
sarcoma is not of chondrocytic derivation [ 132 ]. 
Indeed, recent cases have been described as aris-

ing from bone [ 133 ], rather than the more typical 
deep soft tissues; less commonly it has been 
reported as arising in the joint space and intracra-
nially. Patients are typically adults without a con-
sistent sex predisposition [ 134 ,  135 ]. Tumours 
are aggressive, with a high rate of metastasis on 
presentation and follow-up, in addition to fre-
quent local recurrence [ 135 ]. Tumours may show 
a range of morphologies. The most common is 
cells arranged in chains, nests or fi ligree-like, 
with a lobular pattern; however, cellular lesions 
have been reported. The cells are usually small 
and round-spindle shaped. They are set within a 
chondromyxoid stroma, but lack actual hyaline 
cartilage. A consistent immunophenotype is not 
present, but S100, epithelial membrane antigen, 
synaptophysin and chromogranin are often posi-
tive [ 136 ]. Of note, in cases with a rhabdoid mor-
phology, INI-1 expression may be lost [ 137 ]. 

 Cytogenetic analysis has revealed a t(9;22)
(q22;q12) in a majority of cases [ 138 ]. This 
involves rearrangement of  NR4A3  with  EWSR1 . 
As a result, FISH, using commercially available 
EWSR1 break-apart probe, is a useful diagnostic 
marker [ 139 ], in addition to RT-PCR. There are, 
however, additional fusion products that do not 
involve EWS. For example, t(9;17)(q22;q11) 
[ 140 ] and t(9;15)(q22;q21) [ 141 ] translocations 
were subsequently described. Secondary struc-
tural abnormalities are a common feature on 
cytogenetic analysis [ 142 ]. The latter tumours 
respectively partner  NR4A3  [ 143 ] with  TAF15  
and  TCF12  [ 141 ]. There are commercially avail-
able  NR4A3  break-apart probes which help 
broaden the sensitivity of FISH for this diagno-
sis. An unusual case of a sarcoma with dual mor-
phologic and molecular features of synovial 
sarcoma and extraskeletal myxoid chondrosar-
coma has been described [ 144 ].    

    Conclusion 

 Molecular diagnostics—particularly molecular 
cytogenetics [ 1 ] and reverse transcriptase PCR 
[ 145 ]—is now an essential adjunct in the routine 
characterization of bone and soft tissue tumours. 
Both techniques can be applied to both fresh 
 frozen and formalin-fi xed paraffi n-embedded 
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 tissues and generally show similar, although not 
identical, sensitivity and specifi city. Fluorescence 
in situ hybridization break-apart probes have the 
advantage of allowing detection of tumours pos-
sessing multiple possible breakpoints, but the 
disadvantage of not being able to identify the 
partner. For example, FISH using an EWSR1 
break-apart probe would not be able to differenti-
ate a case of Ewing Family of tumours from 
extraskeletal myxoid chondrosarcoma, myxoid 
liposarcoma and/or desmoplastic small round 
cell tumour harbouring an EWSR1 fusion part-
ner. RT-PCR permits confi rmation of the fusion 
partner, which is arguably of greater diagnostic 
value. However, one limitation is that the partner 
must be known, so this method cannot be used in 
gene discovery. Again, however, there may be 
cases where the fusion partner is identical in two 
distinct tumours, thereby precluding differentia-
tion (e.g. clear cell sarcoma and angiomatoid 
fi brous histiocytoma). For this reason histology, 
to date, remains the ‘gold standard’, and molecu-
lar diagnostics supplements the morphologic and 
immunohistochemical attributes of bone and soft 
tissue tumours [ 145 ]. 

 Sanger sequencing is another approach to 
detecting molecular alterations and is used clini-
cally in the characterization of certain tumour 
types such as gastrointestinal stromal tumours 
(covered in Chap.   22    )   , which most commonly are 
part of companion testing for therapeutic agents. 
Advances in sequencing methods and the need 
for less expensive techniques have driven the 
development of the next generation of sequenc-
ing methods (NGS, ‘next gen sequencing’) [ 146 ]. 
NGS platforms perform massively parallel 
sequencing during which millions of fragments 
of DNA, for example, are sequenced at once. 
This facilitates high throughput sequencing as 
well as automation, both of which have led to the 
development of rapid, low cost sequencing that 
has moved this methodology into clinical diag-
nostics. The Human Genome Project cost about 
$3 billion; currently we can sequence a human 
genome for about $1000 and the price is drop-
ping. NGS approaches include sequencing the 
whole genome and whole exome, and with the 
use of RNA-seq also provide microRNA or gene 

expression profi ling [ 147 ]. These methods will 
allow detection of nucleotide substitutions (point 
mutations), small insertions and deletions, copy- 
number alterations and chromosomal transloca-
tions and may obviate the use of other methods 
such as array CGH, SNP arrays and microarrays. 
Importantly NGS likely is better than Sanger 
sequencing as it has the potential to provide a 
deeper characterization of the molecular land-
scape. A recent study by Marchetti et al. [ 148 ] 
showed that    using NGS to re-evaluate lung cancer 
samples analyzed previously by Sanger sequenc-
ing could identify a more complex pattern of 
EGFR deletions than the current gold standard 
sequencing method. We are just beginning to 
appreciate the power of these methods. Recently 
Beck et al. used expression profi ling and aCGH to 
identify three subtypes of leiomyosarcoma that 
had distinct genomic changes that allowed for the 
identifi cation of prognostic biomarkers [ 149 ]. 
Another study from Coindre’s group identifi ed 
two subtypes of leiomyosarcomas and was able to 
show that molecular profi ling using the gene 
expression signature they developed based on 
genomic complexity (CINSARC) was prognostic 
[ 150 ,  151 ]. As the methods are developed to 
extract DNA and RNA from paraffi n-embedded 
tissues suitable for use in these advanced molecu-
lar methods, the translation of advancing sequenc-
ing methods into routine diagnostics is inevitable. 
As NGS can be applied to cytology specimens, it 
is possible to see how the practice of sarcoma 
pathology will change [ 152 ]. Sequencing, either 
as targeted panels or more extensively, will allow 
the application of individualized medicine to 
those affl icted with soft tissue or bone tumours, 
and the pathologist will play an important role in 
the delivery of this care.     
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           Introduction 

 Melanoma is one of the solid tumors with the best 
characterized clinical and histopathological prog-
nostic features. Primary lesion thickness, mitotic 
rate, and ulceration are all strong, independent 
prognostic variables [ 1 ,  2 ]. Other robust and eas-
ily assessed prognostic factors of melanoma 
include gender, age at diagnosis, the site of the 
lesion, mitotic rate, and presence of positive 
lymph nodes [ 1 – 4 ]. The staging system devel-
oped by the American Joint Committee on Cancer, 
Melanoma Task Force, can be used to effectively 
categorize patients into risk groups of disease pro-
gression. However, the molecular mechanisms 

driving these prognostic factors are poorly under-
stood. Melanoma is also a paradigm in personal-
ized medicine, illustrating how the discovery and 
further clinical validation of driving mutations 
can represent a breakthrough in cancer therapy. In 
this chapter, we will address the molecular mech-
anisms that may drive the strongest prognostic 
features of cutaneous melanoma, describe part of 
the current knowledge of phenotype–genotype 
correlations, and summarize the current standards 
in molecular pathology testing.  

    Correlations Phenotype–Biology 

    Tumor Thickness 

 In 1970, Alexander Breslow reported that thick-
ness, cross-sectional areas, and depth of invasion 
were prognostic of cutaneous melanoma recur-
rence or metastasis rate at 5 years [ 5 ]. It is nota-
ble that although this report identifi ed the most 
robust and reliable prognostic feature among all 
histological prognostic features ever described in 
cancer, this article is based on an error. Breslow 
considered maximal thickness as an indicator of 
tumor burden and cross-sectional area as the 
other important prognostic feature. We now know 
that the prognostic signifi cance of Breslow’s 
index is actually not related to tumor burden and 
that cross-sectional area does not predict clinical 
outcome. In 2009, the AJCC confi rmed the prog-
nostic signifi cance of Breslow’s thickness; the 
10-year survival is 92 % among the patients with 
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T1 melanomas (0.1–1.0 mm) and is 50 % in 
patients with T4 melanomas (≥4.1 mm) [ 2 ]. 
Several studies have attempted to identify an 
expression signature associated with Breslow’s 
thickness [ 6 – 15 ]. These studies identifi ed only a 
few genes whose expression changes with 
increasing thickness and include E- and 
N-cadherin [ 8 ,  13 ], cadherin-19 [ 8 ,  16 – 20 ], 
bcl2a1 [ 21 – 25 ], as well as protocadherin 7 
(pcdh7) [ 26 – 32 ], the regulator of G-protein signal-
ing 20 (rgs20) [ 33 ], and activated leukocyte cell 
adhesion molecule (ALCAM/CD166) [ 34 – 40 ]. 
There is no data to support the view that mela-
noma thickness and Clark’s level of invasion 
directly promote melanoma metastasis by, for 
instance, increasing the likelihood for the mela-
noma cells to encounter vessels. Breslow’s thick-
ness is likely an important phenotypic indicator 
of the biology of the melanoma cells at the lead-
ing edge of the tumor. Proteins whose expression 
correlates with tumor thickness are commonly 
involved in cell survival and invasion. E-cadherin 
is a keratinocyte–melanoma adhesion molecule 
whose loss is required for the acquisition of an 
invasive phenotype [ 18 ,  41 – 44 ]. Interestingly, 
this loss is mediated by the transcription factor 
Tbx3 that is also involved in suppressing melano-
cytes senescence through repressing the cyclin- 
dependent kinase inhibitors p19 (ARF) and p21 
(WAF1/CIP1/SDII) [ 45 ,  46 ]. The cadherin 
switch, especially the decreased expression of 
E-cadherin and the increased expression of 
N-cadherin, is an early phenomenon during mel-
anoma progression, which is associated with 
increased motility and invasiveness of the tumor 
and altered signaling, leading to decreased apop-
tosis and evasion of senescence [ 16 ,  27 ,  30 ,  41 , 
 47 – 56 ]. Loss of E-cadherin expression in mela-
noma can be caused by gene loss, promoter 
methylation, or inhibition of transcription. 
Promoter methylation and expression of proteins 
and micro-RNAs that regulated E-cadherin 
expression, such as Snail, miRNA-200, and Gli2, 
are likewise associated with thickness and inva-
sion [ 9 ,  13 ,  57 ]. Importantly, loss of E-cadherin 
expression affects β-catenin activity [ 26 ,  58 – 62 ]. 
β-Catenin anchors the actin cytoskeleton to 
E-cadherin, and loss of the latter causes β-catenin 
to move toward the nucleus where it acts as a 

transcription factor that drives the expression of a 
wide variety of genes that promote invasion, such 
as urokinase-like plasminogen activator (uPA) 
[ 63 ]. However, in contrast to carcinoma cells, the 
presence of melanocyte-specifi c MITF can atten-
uate β-catenin’s pro-invasive properties that are 
otherwise active in nonpigmented tumor cells 
[ 64 ]. In line with this, loss of β-catenin expres-
sion is part of a seven-marker signature predict-
ing high risk of disease recurrence [ 65 ]. 
Therefore, one may regard Breslow’s index as 
a quantitative surrogate of the multifactorial 
 biological machinery that drives melanoma pro-
gression and invasion.  

    Melanoma Ulceration 

 Tumor ulceration is associated with a poor prog-
nosis in melanoma patients [ 1 ,  66 ]. Thick melano-
mas have a higher incidence of ulceration than thin 
melanomas [ 67 ]. However the prognostic strength 
of ulceration is independent of thickness [ 2 ]. 
Survival of patients with an ulcerated melanoma is 
signifi cantly poorer than those of patients with a 
non-ulcerated melanoma of equivalent T category. 
Interestingly, this adverse prognostic effect of 
ulceration remains robust even when the patient 
has metastatic disease in 2 or 3 lymph nodes. This 
suggests that ulceration is a phenotypic surrogate 
of an important biological event rather than 
directly promoting metastatic evolution. 

 Several hypotheses have been proposed to 
explain the molecular changes underlying the 
adverse prognosis of ulceration. Factors related to 
the cellular biology of the tumor and the immuno-
modulation of the melanoma cells have been iden-
tifi ed. Changes in ALCAM-mediated adhesion 
contribute to melanoma invasion by triggering the 
expression of genes associated with the innate 
immune response [ 68 ]. Loss of E-cadherin expres-
sion induces an imbalance in infl ammatory media-
tors and impairs keratinocyte control of melanocyte 
proliferation [ 42 ,  69 ,  70 ]. The N-cadherin-
mediated interaction between fi broblasts and mel-
anoma cells creates an imbalance of growth factor 
production, especially β-FGF, in a microenviron-
ment that is already rich in melanoma- derived 
TGF-β [ 71 ]. The synergy between both growth 
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factors can result in the recruitment of peripheral 
blood and bone marrow mesenchymal stem cells 
[ 72 ] and may drive the infl ammatory response 
resulting in ulceration. Furthermore, loss of 
E-cadherin may result in increased β-catenin-
regulated gene expression [ 19 ,  73 – 77 ]. β-catenin 
is highly expressed in ulcerated melanomas [ 78 ], 
but whether this phenomenon is a cause or effect 
remains to be determined. 

 Venous leg ulcers display a persistent stimula-
tion of the innate immune response and a strong 
Th1-like infl ammatory response [ 79 ]; however, 
this is not thought to occur in ulcerating melano-
mas. On the contrary, a retrospective analysis of 
537 consecutive micrometastatic sentinel lymph 
nodes with melanoma demonstrated that ulcer-
ation in the primary melanoma is associated with a 
lower density of mature dendritic cells in the sen-
tinel node as compared with sentinel nodes from 
non-ulcerated melanomas [ 80 ]. Whether this 
defect is due to constitutional host characteristics 
that also favor melanoma ulceration needs further 
investigations. Post hoc and meta- analyses of sev-
eral adjuvant interferon (IFN) therapy trials 
strongly indicate that patients with an ulcerated 
primary melanoma are far more sensitive to IFN 
than patients with non-ulcerated primaries [ 42 , 
 81 – 84 ]. This suggests that melanoma ulceration is 
associated with a defect in Th1 response, rather 
than a strong, persistent activation thereof. The 
effi cacy of adjuvant IFN in mounting an antitumor 
Th1 immune response in ulcerated melanomas is 
currently being studied in a clinical trial. The inter-
action between infl ammation-inducing mediators 
released by melanoma cells and the lack of activa-
tion of a Th1 response indicates complex and 
poorly understood reciprocal  interactions between 
melanoma and infl ammatory cells.  

    Mitotic Activity 

 Proliferation of the primary melanomas, defi ned 
by the mitotic rate, is a powerful and independent 
predictor of survival [ 1 ,  3 ,  85 ]. As a result, pri-
mary tumor mitotic rate is now a required ele-
ment for the 2009 edition of the melanoma 
staging system. Data from the AJCC melanoma 
staging database demonstrate a highly signifi cant 

correlation between increasing mitotic rate and 
declining survival rates ( p  < 10 −3 ). In a multifac-
torial analysis of 10,233 patients with clinically 
localized melanoma, mitotic rate was the second 
most powerful predictor of survival, after tumor 
thickness. Two large, validated gene expression 
profi ling studies in melanoma that predict for the 
risk of metastasis or death reveal a strong repre-
sentation of genes associated with replication or 
DNA repair [ 15 ,  86 ]. The expression of proteins 
involved in initiation of DNA replication, such as 
DNA unwinding protein complex subunits mini 
chromosome maintenance helicases MCM4 and 
MCM6, has a strong prognostic value for pro-
gression and metastasis-free melanoma survival 
[ 15 ]. Firing of the origins of DNA replication is 
tightly regulated to duplicate DNA only once 
 during the S phase and prevent aneuploidy 
(reviewed in [ 87 ]). In human cells, cell division 
cycle 6 homolog (Cdc6) accumulates in the 
nucleus during G1 and binds to chromatin via the 
origin recognition complexes (ORC) that occupy 
the origins of replication throughout the genome. 
Subsequent binding of the Cdt1–MCM2-7 com-
plex and phosphorylation by cyclin A/cyclin- 
dependent kinase 2 (CDK2) results in the release 
of phosphorylated Cdt1 and phosphorylated 
Cdc6 from this complex and marks the start of 
DNA replication [ 88 ,  89 ]. Expression of the 
kinase that phosphorylates Cdc6, i.e., CDK2, is 
of high prognostic value [ 90 ]. 

 Highly proliferative cells such as aggressive 
melanoma require an effective DNA repair 
machinery to correct deleterious errors that com-
promise genomic integrity. Overexpression of 
DNA repair genes is associated with metastases 
or death [ 91 ,  92 ]. Increase in post-replicative 
DNA repair capacity associated with topoisomer-
ase II alpha could explain spontaneous resistance 
of most melanomas toward radiotherapy and 
alkylating agents.  

    Gender 

 The gender effect on survival is another unre-
solved mystery in the melanoma fi eld. The male 
gender is associated with an adverse outcome 
that persists even after adjustment for other 
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 prognostic variables [ 2 ,  93 – 97 ]. After adjustment 
the relative excess risk to die from melanoma is 
1.85 (95 % CI = 1.65–2.10) in males [ 93 ]. This 
gender impact on mortality risk is observed at all 
stages, even in patients with visceral metastases. 
No biological explanation has been identifi ed so 
far. In particular, it is diffi cult to evoke a hor-
monal infl uence as the adjusted risk estimates are 
similar among patients below 45 or above 60 
years of age. As most of the cancer–testis anti-
gens (CTAs) genes are located on the X chromo-
some, one possibility would be that CTA 
expression differs between females and males, 
but in fact no difference has been observed. 
Moreover, data regarding the prognostic impact 
of CTAs expression are confl icting. A possible 
confounding factor would have been differences 
in behavior toward UV exposure. But the gender 
effect is unchanged when body site is introduced 
in the model strongly suggesting that survival dif-
ference among sexes is not due to behavioral dif-
ferences [ 96 ]. A possible explanation may be 
found in X-linked gene expression. Although one 
of the two X chromosomes in female cells is 
inactivated, this inactivation is incomplete and 
can result in a possible dosage effect of 
X-inactivation escaping genes in females com-
pared to the expression of the same gene from the 
one X in males [ 98 ]. These escaping genes may 
be melanoma suppressor genes such as UTX 
gene, coding for a H3-K27 demethylase, and 
WTX involved in a subset of Wilms tumor [ 99 , 
 100 ]. Whether this would be suffi cient to explain 
the gender difference is still unclear and requires 
further study.  

   Solar Elastosis and Location 
of Melanoma 

 An important phenotypic variable in melanoma 
is the presence of histopathological features of 
chronic sun exposure damage, such as grade 2 or 
3 solar elastosis. It has been clearly demonstrated 
that presence or absence of solar elastosis corre-
lates with the rate and the type of  BRAF  muta-
tions [ 101 – 105 ]. Incidence of mutations is also 
impacted by the location of a melanoma. Acral 

melanomas, aka melanomas of glabrous skin, are 
associated with more frequent KIT mutations and 
a lower rate of BRAF mutations [ 104 ].   

    Molecular Biology of Melanoma 

    Constitutional Defects 

 Several constitutional susceptibility loci have 
been associated with an inherited melanoma 
risk (Fig.  22.1 , reviewed in [ 106 ]). These 
include P14 and P16 that are tumor-suppressor 
proteins encoded by the  CDKN2A  locus [ 107 , 
 108 ]. P14 interacts with P53 and P16 with Rb. 
P14 binds to MDM2 and has an antiapoptotic 
effect through P53 destabilization, decreasing 
apoptosis [ 109 ]. P16 prevents CDK4 and CDK6 
from phosphorylating Rb, which promotes 
G1–S transition [ 110 ,  111 ].  CDK4  mutations 
interfere with Rb pathway and promote cell 
 proliferation [ 112 – 114 ].  Rb1  mutations predis-
pose to familial melanoma as well as bilateral 
retinoblastoma [ 115 ,  116 ].  MC1R  codes for a 
G-protein-coupled receptor- activating adenyl 
cyclase after binding of a melanocyte- 
stimulating hormone, resulting in an upregula-
tion of MITF through the cAMP response 
element-binding protein [ 117 ,  118 ]. MITF con-
trols the transcription of many genes, including 
pigmentation genes and HIF1A, and predis-
poses to melanoma [ 119 ,  120 ].

       Somatic Alterations 

 Receptor tyrosine kinase and downstream kinase 
pathways are involved in most of the melanomas 
(reviewed in [ 121 ]). The mitogen-activated pro-
tein kinase pathway and the PI3K pathway are 
often activated [ 121 ]. There is an association 
between distinct melanoma subtypes and molec-
ular somatic events that are involved. Mucosal, 
acral, and, to a lesser extent, the so-called lentigo 
maligna melanomas can have increased copies of 
CDK4 and CCND1 downstream of the MAPK 
pathway, as well as mutations in KIT receptor 
[ 122 – 127 ].  NRAS  is mutated in about 18 % of 
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melanomas and seems to be more frequently acti-
vated in melanomas due to chronic sun damage 
[ 124 ,  128 ,  129 ]. BRAF is in a family with two 
other enzymes, ARAF and RAF1, and the gene is 
located downstream of RAS proteins and 
upstream of MEK and ERK proteins.  BRAF  has a 
recurrent gain-of-function mutation V600E in 
about 7 % of all cancers and 43–50 % of melano-
mas [ 121 ]. This mutational event is frequently 
reported in benign pigmented nevi, so is not fully 
suffi cient to induce a malignant transformation 
[ 130 ].  BRAF -mutated melanomas are usually 
without nodular elastolysis and associated with a 
pagetoid appearance rather than lentiginous 
[ 105 ]. MEK1 and MEK2 are downstream from 
RAS and RAF, on the same MAPK pathway 
[ 121 ]. MEK1 is encoded by  MAP2K1  and MEK2 
by  MAP2K2 . Activating mutations of MEK1 and 
MEK2 are found in 8 % of melanomas [ 131 ]. The 

PI3K pathway is activated through a PTEN loss-
of- function abnormality (most often deletion) in 
20–40 % of melanomas [ 122 ,  132 ,  133 ]. 
Activating mutations or amplifi cations of PI3K 
or of AKT1 can also be found in some melano-
mas, although inhibitors of this pathway have not 
yet shown signifi cant effi cacy in any melanoma 
subtype.   

    Molecular Testing in Melanoma 

 The identifi cation of a mutation in exon 15 of 
 BRAF  in 43–50 % of melanomas was an impor-
tant push toward molecular classifi cation [ 134 , 
 135 ]. Although several additional somatic muta-
tions, including driver mutations, have been iden-
tifi ed, few have had therapeutic effect [ 136 ]. An 
algorithm for molecular testing should be based 

  Fig. 22.1    Main molecular pathways involved in the biology of cutaneous melanoma       
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on the present therapeutic situation. Without the 
existence of an active adjuvant targeted treat-
ment, to test a patient without metastases for tar-
getable mutations in routine clinical practice is 
arguable. Tissue from primary tumors is often 
scarce and needs to be preserved for testing when 
necessary. Therefore, if one decide to test a pri-
mary melanoma, for instance, associated with a 
high metastatic risk, it is preferable to use multi-
plex tests, looking at several gene changes at 
once.  BRAF  mutations are present in 43–50 % of 
melanomas, and these are mostly in younger 
individuals and are on non-chronically sun- 
damaged skin [ 103 ,  121 ,  137 ]. Melanomas asso-
ciated with chronic sun exposure are less often 
associated with  BRAF  mutations. The effect of 
chronic sun exposure is histologically signed by 
the presence of grade 2 or 3 elastolysis. However, 
this has no effect on clinical practice because all 
patients with stage IV disease should be screened 
for  BRAF  mutations. BRAF mutations carry a 
weak adverse prognostic value [ 138 ]. The fre-
quency of BRAF mutations in primary cutaneous 
melanomas is not signifi cantly different than in 
metastatic lesions. Few cases of discrepancies 
between the primary tumor and subsequent 
metastases or between metastases have been 
reported, but this appears to be a rare situation 
[ 137 ,  139 ,  140 ]. In clinical practice, it is more 
logical to test the metastasis but the primary 
tumor can be tested as well. About 90 % of BRAF 
mutations occur in exon 15 at the Val600, and 
most of these  BRAF  Val600 mutations lead to an 
exchange to glutamate BRAF Val600E, whereas 
15–30 % of the mutations result in a substituted 
lysine (BRAF V600K) [ 141 ,  142 ]. The incidence 
rate for BRAF V600K varies by region, and a 
higher amount of cumulative sun-induced dam-
age is associated with BRAF V600K, but not 
with BRAF V600E melanomas [ 141 ]. The real- 
time PCR Cobas 4800 assay has little cross- 
reactivity for non-V600E profi les [ 143 ]. 
Therefore, when this method is used, tumors with 
negative results should also be screened for 
V600K mutations with another technique. 
Similarly, the V600 mutation-specifi c VE1 anti-
body has a high sensitivity (97 %) and specifi city 
(98 %) for detection of the V600E mutation, but 

not for V600K [ 144 – 149 ]. Vemurafenib is the 
fi rst selective BRAF inhibitor developed in the 
clinical setting. The drug was recently approved 
for fi rst-line treatment of advanced V600E 
 BRAF -mutated melanoma after a clinical trial 
comparing vemurafenib with dacarbazine 
showed a signifi cant survival benefi t and a 
median progression-free survival of 5.3 months 
versus 1.6 months (HR 0.26,  p  < 0.001) [ 150 ]. 
Responses are frequent (48 % of patients) and 
fast. Dabrafenib, another BRAF inhibitor, is 
associated with a similar increase in progression- 
free survival [ 151 ]. The effi cacy of BRAF inhibi-
tion for melanomas with non-V600E mutations 
on exon 15 of  BRAF  is a crucial question since 
these mutations can account for up to 30 % of the 
 BRAF  V600 cancer mutants [ 142 ]. The major 
concern for treatment with BRAF inhibitors is of 
a short median length of response, about 6 months 
[ 151 ]. Nearly all patients relapse, and the overall 
survival benefi t is modest. This is why all efforts 
focus on combinations of targeted treatments, 
or targeted therapy and immunotherapy. 
Combinations of treatments targeting BRAF and 
MEK have showed a synergistic effect on clinical 
endpoints [ 152 ]. Mutations in  KIT  are noted in 
less than 1 % of melanomas overall; occurrence 
is more frequent in acral and mucosal sites [ 153 , 
 154 ]. Activating mutations in and gene amplifi -
cation of  KIT  have been initially reported in 39 % 
of mucosal site, 36 % of acral site, and 28 % of 
melanomas from patients with chronically sun- 
damaged skin, with mutation rates between 11 
and 21 %. However, further studies found much 
lower proportions, of about 15 % in acral sites 
and below 5 % in mucosal sites [ 155 ,  156 ]. It is 
likely that these variations refl ect both an overes-
timation of the frequency of KIT mutations in 
acral melanomas in the initial reports and sensi-
tivity differences in the detection technique. KIT 
inhibitors can have substantial effects in patients 
with melanomas that contain  KIT  mutations. 
Therefore, investigators should systematically 
screen for  KIT  mutations in metastatic acral len-
tiginous melanoma and mucosal melanoma. 
Mutations in exons 11 and 13 make up 85 % of 
 KIT  mutations reported in melanomas and are 
associated with sensitivity to imatinib [ 157 ,  158 ]. 
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Other mutations are reported in exon 17. Major 
differences seen in gastrointestinal stromal 
tumors are that melanomas have more point 
mutations than deletions or insertions, have more 
frequent mutations in exons 13 and 17, and have 
more amplifi ed wild-type  KIT . These amplifi ca-
tions seem to be predictive of no response to anti- 
KIT therapies [ 159 ]. Mutations that activate the 
mitogen-activated protein (MAP) kinase path-
ways are reported in 20 % of cutaneous melano-
mas in  NRAS  and in 83 % of uveal melanomas in 
 GNAQ  or  GNA11  [ 160 ,  161 ]. Treatments that 
 target mutated  NRAS  and  GNAQ  are under 
investigation.  

    Conclusion: Multidimensionality 
of Melanoma Prognostic 
Biomarkers 

 There is a strong need to refi ne prognostication in 
melanoma. The main reason is that we need to 
replace outcome clustering, based on artifi cial 
biomarker breakpoints, by a continuous multidi-
mensional prognostic model. The pace of new 
biomarker development will quickly make it 
impossible to update the list of prognostic vari-
ables to assess each time a new biomarker is iden-
tifi ed. Major improvement will come from shared 
computerized tools which will help us in generat-
ing continuous likelihood scores for diagnosis, 
prognosis, and response to treatment predictions 
([ 162 ] as an example). This will lead to the devel-
opment of platforms which can be used by scien-
tists from different fi elds to integrate and share 
high-quality data in the precompetitive setting 
and generate new probabilistic causal models.     
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           Introduction 

 Paediatric molecular diagnostics has revolution-
ized the diagnosis and prognosis of specifi c 
tumour types. This chapter will focus on two 
tumour types—paediatric sarcomas (specifi cally 
Ewing family of tumours, primitive round cell 
sarcomas (PRCS), infantile fi brosarcoma and 
embryonal rhabdomyosarcoma (ERMS)) and 
neuroblastoma. Each subtype benefi ts from the 
incorporation of molecular diagnostic techniques 
into the diagnostic regimen for diagnosis and/or 
prognosis. A summary of the more common and 
recurrent rearrangements in paediatric tumours 
and the role they play in diagnosis will be pre-
sented. In addition, the tools and techniques used 
to detect such abnormalities will be discussed, 
together with a summary of more advanced tech-
niques making their way into the paediatric 
molecular diagnostic laboratory.  

    Paediatric Sarcomas 

    Background 

 Up to 20 % of childhood solid malignancies are 
sarcomas [ 1 ]. Most sarcomas occur in the soft 
tissues and are presumed to have a mesenchy-
mal origin. Such soft tissue sarcomas can occur 
in any region of the body and are generally 
divided into two major categories: rhabdomyo-
sarcomas (RMS), which are the most common, 
and non- rhabdomyomatous sarcomas [ 2 ]. 
Examples of the latter category include Ewing 
sarcoma/peripheral neuroectodermal tumour 
(ES/PNET), synovial sarcoma (SS), malignant 
peripheral nerve sheath tumour (MPNST) and 
infantile fi brosarcoma. Accurate subclassifi ca-
tion of sarcomas has important therapeutic 
implications [ 3 ,  4 ] and can be achieved by a 
variety of diagnostic methods including light 
microscopy and immunohistochemical analysis 
for particular cell antigens (e.g. CD99 in ES/
PNET [ 5 ]). Molecular cytogenetic and genetic 
analyses have recently allowed the detection of 
certain chromosomal abnormalities associated 
with specifi c soft tissue sarcomas including the 
t(11;22) and t(21;22) associated with ES/PNET 
[ 6 ,  7 ] and the t(12;15) associated with infantile 
fi brosarcoma [ 8 ].  
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    Chromosomal Abnormalities 
in Paediatric Sarcomas 

 Paediatric sarcomas fall into two major cytoge-
netic categories: those characterized by relatively 
simple, near diploid karyotypes with a small num-
ber of consistently rearranged chromosomal loci 
and those with complex karyotypes without recur-
rent abnormalities, suggestive of widespread 
genomic instability [ 9 ]. Tumours belonging to the 
former group include ES/PNET, alveolar RMS 
(ARMS) and SS [ 9 – 12 ], each of which have recur-
rent consistent translocations [ 6 ,  13 – 19 ]. The 
oncogenic mechanism of such fusion transcripts 
remains unclear; however, the prevailing view is 
that expression of aberrant transcripts leads to 
dysregulation of gene expression and transforma-
tion, possibly at the mesenchymal stem cell level 
[ 9 ]. The second group of tumours include ERMS, 
MPNST and osteosarcoma [ 9 ,  20 ]. Such complex 
karyotypes are indicative of chromosomal insta-
bility; subsequent gain-of-function mutations in 
oncogenes and loss-of-function mutations in 
tumour suppressor genes lead to tumour progres-
sion [ 9 ,  21 ,  22 ]. One change noted in a signifi cant 
proportion of sarcomas with both simple and 
complex karyotypes is gain of chromosome 8 
material, either as whole  chromosomes or as 
amplifi cation of specifi c regions [ 23 – 25 ]. Trisomy 
8 has also been reported as the sole abnormality in 
extraskeletal mesenchymal chondrosarcoma and 
paediatric undifferentiated sarcomas [ 23 ,  26 ], 
suggesting a critical role for gain of chromosome 
8 in tumour initiation, possibly through increased 
 MYC  gene dosage [ 23 ].  

    Sarcomas with Recurrent 
Rearrangements 

    Ewing Family of Tumours 
 The Ewing family of tumours (EFT) is a group of 
tumours with rearrangement of the  EWSR1  gene 
on 22q12. Such tumours include Ewing sarcoma 
(ES), angiomatoid fi brous histiocytoma (AFH), 
desmoplastic small round cell tumour (DSRCT), 
clear cell sarcoma (CCS), extraskeletal myxoid 
chondrosarcoma, myxoid/round cell liposarcoma 
and myoepithelial tumours ([ 27 ]; see Table  23.1 ).

   Ewing sarcoma is the archetypal EFT, and 
much of the discussion will focus on this tumour. 
Previously divided into ES and primitive neuroec-
todermal tumour (pNET) depending on the 
amount of neuroectodermal differentiation (more 
in the latter), both subtypes are now considered 
one and the same tumour, and the World Health 
Organization has labelled them as ES/pNET. The 
diagnosis of ES rests upon a combination of histo-
morphological, immunohistochemical and molec-
ular genetic features. The clinical and histological 
features have been extensively reviewed else-
where [ 27 ]. Briefl y, ES occurs more commonly in 
males and the incidence peaks in the second 
decade of life [ 6 ,  27 ]. The majority are primary 
bone tumours, with some 20–40 % being 
extraskeletal [ 27 ]. The tumour comprises sheets of 
small round cells with a high nuclear: cytoplasmic 
ratio; Homer–Wright rosettes and some spindling 
of the cells may be present. The cells have clear to 
vacuolated  cytoplasm and round, hyperchromatic 
nuclei with inconspicuous nucleoli. Both lighter 
staining and darker staining cells can be discerned 
in the majority of ES using routine haematoxylin 
and eosin stains (Fig.  23.1 ). Cytoplasmic glyco-
gen is prominent in many tumours [ 6 ,  27 – 29 ]. 
Immunohistochemistry shows evidence for neural 
differentiation (CD56, CD57, NSE). CD99, a 
transmembrane glycoprotein and the product of 
the  MIC2  gene [ 30 ,  31 ], is a more sensitive and 
specifi c immunostain [ 6 ,  28 ,  32 ]. The vast major-
ity of ES show strong, diffuse membranous posi-
tivity; however, CD99 staining has also been 
reported in lymphoblastic lymphoma [ 33 ], mes-
enchymal chondrosarcoma [ 34 ] and poorly differ-
entiated synovial sarcoma [ 35 ]. In such diffi cult 
cases, molecular testing is necessary for defi nitive 
diagnosis.

   Up to 98 % of ES harbour diagnostic rear-
rangements of the  EWSR1  gene [ 36 ], with up to 
nine different partners described in a recent review 
[ 27 ]. In the vast majority of cases,  EWSR1  part-
ners with a member of the  ETS  family of tran-
scription factors [ 6 ,  13 ]. The most common 
partner is  FLI1  on 11q24 (85 % of ES) [ 6 ,  37 ], 
followed by  ERG  on 21q22 (10 % of ES) [ 6 ,  7 ]. 
Others include  ETV1  on 7p22 [ 38 ],  ETV4  on 
17q22 [ 39 ] and  FEV  on 2q33 [ 40 ]. The  EWS / FLI1  
fusion gene is the most extensively studied of the 
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translocations. Structurally, the amino terminal of 
 EWS  fuses in frame to the carboxy terminal of 
 FLI1  and acts as an aberrant transcription factor 
[ 41 ,  42 ]. The fusion transcript has several reported 
breakpoints, but all contain the amino- terminal 

transactivation domain of  EWSR1  and the car-
boxy-terminal DNA-binding domain of  FLI1  
[ 43 ]. No difference in biological activity between 
the different breakpoints has been reported [ 44 ]. 
 EWSR1 / FLI1  has potent transforming activities [ 41 ] 

   Table 23.1    Ewing Family of Tumours   

 Tumour  Translocation  Fusion transcript  IHC  Age affected 

 Ewing sarcoma a   t(11;22)(q24;q12)   EWSR1 / FLI1   CD99; FLI1; NSE  Peak in second decade 
 t(21;22)(q22;q12)   EWSR1 / ERG  
 t(7;22)(p22;q12)   EWSR1 / ETV1  
 t(2;22)(q33;q12)   EWSR1 / FEV  
 t(17;22)(q12;q12)   EWSR1 / ETV4  
 t(16;21)(p11;q22)   FUS / ERG  
 t(2;16)(q35;p11)   FUS / FEV  

 Angiomatoid fi brous 
histiocytoma 

 t(2;22)(q33;q12)   EWSR1 / CREB1   Desmin; CD99; CD68; 
EMA 

 Mean age 20 years 
 t(12;22)(q13;q12)   EWSR1 / ATF1  
 t(12;16)(q13;p11)   FUS / ATF1  

 Desmoplastic small 
round cell sarcoma 

 t(11;22)(p13;q12)   EWSR1 / WT1   Keratin; EMA; desmin; 
NSE; WT1 (nuclear) 

 Peak in third decade 

 Clear cell sarcoma  t(12;22)(q13;q12)   EWSR1 / ATF1   S100; HMB45; MART1  Peak in second and 
third decade 

 Extraskeletal myxoid 
chondrosarcoma 

 t(9;22)(q22;q12)   EWSR1 / NR4A3   Vimentin  Median age in sixth 
decade  t(9;17)(q22;q11)   RBP56 / NR4A3  

 Myoepithelial 
carcinoma 

 t(19;22)(q13;q12)   EWSR1 / ZNF444   EMA, S100, SMA  Older adults, average 
age 55 years  t(12;22)(q13;q12)   EWSR1 / ATF1  

 t(1;22)(q23;q12)   EWSR1 / PBX1  
 t(6;22)(p21;q12)   EWSR1 / POU5F1  

 Myxoid/round cell 
liposarcoma 

 t(12;22)(q13;q12)   EWSR1 / DDIT3   S100  Peak incidence in 
fourth and fi fth decade 

   a Only the more classical fusion transcripts are included  

  Fig. 23.1    Microscopic appearance and immunohisto-
chemistry in Ewing sarcoma. ( a ) Ewing sarcoma is com-
posed of sheets of polygonal cells with high 
nuclear:cytoplasmic ratios. Both light and dark cells are 

present, the latter appearing at  upper right ; ( b ) CD99 
positivity highlighting the membranous pattern of stain-
ing (( a ) hematoxylin and eosin; ( b ) immunoperoxidase; 
original magnifi cation ( a ) and ( b ) ×400)       
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and is essential for maintenance of the trans-
formed state in ES [ 45 – 47 ]. Expression of the 
 EWSR1 / FLI1  fusion protein in vitro results in dis-
rupted expression of a large number of target 
genes, including genes involved in oncogenic 
transformation, genes responsible for the mainte-
nance of tumourigenesis and genes involved in 
the maintenance of the undifferentiated state 
(reviewed in [ 27 ,  44 ]). One study has shown a bet-
ter prognosis associated with one specifi c type of 
 EWSR1 / FLI1  fusion transcript (‘type 1’) [ 48 ], but 
more recent data suggest that current treatment 
protocols have eradicated this association [ 49 ]. 

 It is worthy to note that a very small percentage 
of ES (<1 %) harbour rearrangements involving 
fusion of the  EWSR1  gene with non-ETS family 
members, including  NFAT2c ,  POU5F1 ,  SMARCA5 , 
 ZSG  and  SP3  (reviewed in [ 44 ]). The presence of 
such rearrangements in ES tumours raises the 
intriguing question of what constitutes the defi ni-
tion of ES. Are such tumours ES, or do they repre-
sent another tumour type, albeit ES-like? Future 
studies are required to answer this question, but are 
limited by the rarity of such tumours. 

 Other EFT harbouring  EWSR1  gene rear-
rangements include AFH, DSCRT and CCS. 
CCS is discussed in Chap.   11    . AFH is a tumour 
of borderline malignancy with an excellent 
prognosis [ 32 ]. The tumour generally occurs in 
children and young adults, with most cases 
being diagnosed under the age of 40 [ 32 ,  50 ]. 
The tumour usually presents as an asymptom-
atic, slow-growing subcutaneous mass; on occa-
sion, systemic symptoms such as pyrexia and 
weight loss have been reported [ 32 ,  50 ]. Gross 
examination usually reveals a fi rm nodule a few 
centimetres in diameter with a cystic and haem-
orrhagic cut surface, occasionally mimicking a 
haematoma or haemangioma [ 29 ,  32 ,  50 ]. 
Histological features are characterized by a 
fi brous and chronically infl amed pseudocapsule, 
aggregates of lesional cells and interspersed 
blood-fi lled spaces. Lesional cells appear uni-
form and histiocyte-like, with pale cytoplasm 
and round to oval nuclei. Intracytoplasmic mate-
rial, including hemosiderin and lipid, may be 
present, reinforcing the histiocyte- like appearance. 

Cellular atypia is uncommon [ 29 ,  32 ,  50 ,  51 ] 
(Fig.  23.2 ).

   The immunohistochemical staining pattern 
seen in AFH is helpful in coming to a diagnosis; 
CD68, desmin and CD99 are positive in approxi-
mately 50 % of cases, and EMA in approximately 
40 % of cases. Vascular markers, other histiocytic 
markers and keratins are uniformly negative [ 32 , 
 50 ,  51 ]. Electron microscopic analysis of AFH 
has been inconclusive, with several papers report-
ing either endothelial, histiocytic or myoid fea-
tures of lesional cells [ 51 – 53 ]. 

 Molecular genetic analysis of AFH has 
revealed three distinct fusion events. The most 
frequent is the t(2;22)(q33;q12)  EWSR1 / CREB  
rearrangement, followed by the t(12;22)(q13;q12) 
 EWSR1 / ATF1  and the t(12;16)(q13;p11)  FUS / ATF1  
rearrangements [ 50 ,  51 ,  54 ]. Both  EWSR1  and 
 FUS  are members of the TET family of genes 
and share structural and functional similarities 
[ 55 ]. Intriguingly, both  EWSR1 -containing fusion 
genes are identical to those found in CCS (see 
Chap.   11    ). The difference in clinical behaviour 
and phenotype in the presence of the same molec-
ular abnormality is thought to relate to either a 
different cell of origin, the presence of additional 
molecular abnormalities or a combination of both 
[ 28 ,  56 ]. 

 DSCRT is a rare, extremely aggressive EFT 
occurring in older children and young adults, 
usually presenting as a diffuse retroperitoneal 
mass encasing several organs [ 57 ]. Other sites of 
involvement include the lung [ 58 ], gonads [ 59 , 
 60 ] and bone [ 61 ,  62 ]. It comprises trabeculae, 
sheets and islands of malignant round cells with 
Ewing-like features [ 63 ]. The cells are distrib-
uted within a dense, desmoplastic stroma, and 
there is often some compression and crushing of 
the constituent cells, leading to diagnostic diffi -
culties on small biopsies. The cells are polyphe-
notypic, with variable positivity for desmin, 
CD99, keratins, EMA and neural markers [ 27 , 
 57 ,  63 ]. The diagnostic molecular abnormality 
comprises a t(11;22)(p13;q12) rearrangement 
[ 64 ] leading to an  EWSR1 / WT1  fusion transcript 
[ 28 ,  65 ]. The fusion transcript incorporates the 
carboxy portion of  WT1 , with subsequent expression 
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of only the carboxy terminal of the WT1  protein, 
a fact that can be utilized for immunohistochemi-
cal diagnosis of DSCRT [ 66 ]. Expression of the 
fusion gene is associated with overexpression of 
 PDGFA , which is thought to play a central role in 
the development of DSRCT [ 67 ,  68 ]. 

 Lesser known tumours harbouring  EWSR1  
rearrangements include myxoid/round cell 
 liposarcoma t(12;22)(q13;q12), resulting in a 
 EWSR1 / DDIT3  fusion gene [ 69 ]; extraskeletal 
myxoid chondrosarcoma t(9;22)(q22;q12), result-
ing in  EWSR1 / NR4A3  fusion transcript [ 70 ]; and 
myoepithelial tumours, including both myoepi-
theliomas and myoepithelial carcinomas [ 71 ]. 

The latter group of tumours are intriguing, with 
several different  EWSR1  partners reported includ-
ing  POU5F1  [ 72 ],  PBX1  [ 73 ] and  ATF1  [ 74 ].  

    Congenital Infantile Fibrosarcoma 
 Congenital infantile fi brosarcoma usually occurs 
in infancy or early childhood; the majority of 
cases are diagnosed under the age of 2 years [ 8 ]. 
The tumour presents as a rapidly growing mass in 
the extremities or the head and neck [ 8 ]. 
Histologically, it comprises sheets of intersecting 
fascicles with a prominent ‘herringbone’ pattern 
of growth and foci of haemangiopericytoma-like 
vasculature [ 29 ,  75 ]. The immunohistochemical 

  Fig. 23.2    Microscopic appearance and immunohisto-
chemistry of angiomatoid fi brous histiocytoma. 
( a ) Medium power view showing blood-fi lled spaces 
lined partly by histiocytoid cells with surrounding chronic 
infl ammation. Hemosiderin can be seen at  upper right ; 
( b ) high-power micrograph showing histiocytoid cells 

with minimal atypia and intracytoplasmic hemosiderin; 
( c ) immunohistochemistry showing membranous positiv-
ity for CD99; ( d ) immunohistochemistry showing cyto-
plasmic positivity for desmin (( a ,  b ) hematoxylin and 
eosin, original magnifi cation ( a ) ×100, ( b ) ×400, ( c ,  d ) 
immunoperoxidase, original magnifi cation ×400)       
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staining pattern is non-specifi c, with diffuse posi-
tivity for vimentin and, in a subset of cases, focal 
positivity for muscle markers [ 75 ]. 

 Molecular genetics demonstrates the presence 
of a distinct rearrangement involving the tran-
scription factor  ETV6  on 12p13 with the receptor 
tyrosine kinase  NTRK3  on 15q25 [ 76 – 78 ]. The 
resultant  ETV6 / NTRK3  fusion gene has constitu-
ently active tyrosine kinase activity encoded in 
the  NTRK3  domain, driving downstream activa-
tion of Ras–MAPK and PI3K–AKT pathways 
(reviewed in [ 79 ]). Interestingly, the same rear-
rangement is shared among several divergent 
tumour types, including congenital mesoblastic 
nephroma of the kidney [ 76 ,  80 ], secretory breast 
carcinoma [ 81 ] and acute myeloid leukaemia 
[ 82 ]. The fi ndings suggest a common mechanism 
of tumourigenesis via tyrosine kinase activation 
in tumours of mesenchymal, epithelial and hae-
matopoietic origin, and casts further doubt upon 
the canonical view that specifi c fusion genes are 
associated with specifi c tumours [ 78 ,  79 ].  

    Primitive Round Cell Sarcoma 
 PRCS have recently been recognized as a distinct 
subgroup of paediatric Ewing-like sarcomas 
[ 83 – 87 ]. Such sarcomas share several morpho-
logical and immunohistochemical features with 
ES, including variable and sometimes patchy 
CD99 positivity, but do not harbour  EWSR1  rear-
rangements. Up to 25 % of PRCS harbour a spe-
cifi c translocation involving chromosomes 4 and 
19 [ 84 ,  87 ], resulting in fusion of most of the  CIC  
gene (19q13) with the C-terminal portion of the 
 DUX4  gene (4q35). Limited information is 
known about the function of either gene. 
However, the  CIC  gene is the human homologue 
of the Drosophila gene  capicua  and encodes a 
high-mobility group box transcription factor 
[ 88 ]. The  DUX4  gene is a double homeobox gene 
whose normal function is poorly understood [ 89 ]. 
One recent study showed that overexpression of 
the  CIC – DUX4  fusion transcript in vitro induced 
increased anchorage-independent colony forma-
tion in murine NIH3T3 fi broblasts and induced 
overexpression of  ETS  family transcription fac-
tors [ 85 ]. However, the functional signifi cance of 
 CIC – DUX4  in human mesenchymal progenitor 

cells, and its role in the maintenance of the 
 undifferentiated state, has not been clearly 
defi ned. Further work needs to be done in order 
to better understand the role of the fusion tran-
script in sarcomagenesis.   

    Sarcomas with Complex Karyotypes 
and No Recurrent Rearrangements 

 Several paediatric sarcomas have no diagnostic 
recurrent rearrangements and show complex, 
variable genetic aberrations. One such tumour, 
ERMS is described below. Others in this category 
include paediatric undifferentiated sarcoma of 
the soft tissues [ 23 ], liposarcoma, leiomyosar-
coma, angiosarcoma and MPNST. The latter four 
tumours are discussed in Chap.   11    . 

    Embryonal Rhabdomyosarcoma 
 ERMS is a tumour that occurs most frequently in 
children under the age of 10 years [ 90 ]. Common 
sites of involvement include the head and neck and 
genitourinary system, including the urinary bladder 
and prostate [ 90 ,  91 ]. Grossly, ERMS are infi ltra-
tive tumours that vary from solid, fi rm and fl eshy to 
soft and myxoid [ 92 ]. A specifi c variant, sarcoma 
botryoides, has the appearance of a ‘bunch of 
grapes’, with multiple small sessile nodules; this 
variant has a predilection for mucosal sites. 
Microscopically, ERMS varies from a cellular 
tumour composed of round, slightly stellate cells 
with a small amount of cytoplasm to a myxoid 
tumour with larger spindle-shaped cells containing 
moderate amounts of eosinophilic cytoplasm [ 90 , 
 92 ] (Fig.  23.3 ). The sarcoma botryoides variant has 
a cambium layer of condensed malignant cells 
directly beneath the epithelial layer [ 92 ] and is 
prognostically superior to the classical form [ 93 ]. 
Other variants include anaplastic [ 94 ], sclerotic 
[ 95 ,  96 ] and spindle cell [ 97 ], with the anaplastic 
variant having a worse prognosis when compared 
to the classical form [ 98 ]. Immunohistochemical 
analysis shows variable nuclear positivity for myo-
genin, and positivity can be rare; desmin shows 
more robust positivity [ 92 ].

   The majority of ERMS show numerous chro-
mosomal abnormalities, including gains of 2, 
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5q35.2–35.3, 7, 8, 11, 12, 13q14 and 20 and losses 
of 1p36, 3p14–21, 9p21.3, 9q21–22, 10q22-qter, 
16q, 17p, 17q11.2 and 22 [ 99 ,  100 ]. Interestingly, 
one study showed no signifi cant difference in 
genomic imbalances between ARMS and 
ERMS [ 99 ]. A more specifi c abnormality is loss 
of heterozygosity (LOH) at 11p15, which is seen 
in the majority of ERMS [ 101 ,  102 ]. 11p15 is a 
highly imprinted chromosomal region implicated 
in Beckwith–Wiedemann syndrome, providing a 
link between 11p15, overgrowth syndrome and 
multiple embryonic tumours including ERMS, 
Wilms’ tumour and hepatoblastoma (reviewed in 
[ 103 ]). Genes within this region include  IGF2  and 
 CDKN1C . IGF2 is a pro-proliferative ligand 

 acting via the IGF1 receptor and is implicated in 
many cancers (see [ 104 ] for review). IGF2 expres-
sion is  upregulated in ERMS [ 105 ] and can be 
detected immunohistochemically in transloca-
tion-negative RMS [ 106 ]. The tumour suppressor 
gene p53 also plays an important role in ERMS, 
and ERMS is associated with Li–Fraumeni syn-
drome in 1–10 % of patients with the tumour 
(reviewed in [ 107 ]). A recent study using high-
resolution array comparative genomic hybridiza-
tion (CGH) has identifi ed numerous single-gene 
and gene- signalling abnormalities in ERMS, 
including loss of  CDKN2A / B , a master regulator 
of p53 and Rb, as well as gain of function of 
 FGFR4 ,  Ras  and  GLI1  [ 100 ].   

  Fig. 23.3    Microscopic appearance and immunohisto-
chemistry of embryonal rhabdomyosarcoma. ( a ) Medium 
power micrograph showing spindle-shaped cells with 
varying degrees of cellularity and myxoid stroma; ( b ) 
higher power view showing a posttreatment tumour with 
extensive cytodifferentiation; ( c ) immunohistochemical 

staining showing nuclear positivity for myogenin in the 
minority of cells; ( d ) immunohistochemical staining 
showing cytoplasmic positivity for desmin in the majority 
of cells (( a ,  b ) haematoxylin and eosin, original magnifi -
cation ( a ) ×200, ( b ) ×400; ( c ,  d ) immunoperoxidase origi-
nal magnifi cation ( c ,  d ) ×600)       
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    Tools for the Diagnosis of Sarcomas 

 The diagnosis of paediatric sarcomas rests upon a 
combination of morphological, immunohisto-
chemical and molecular genetic studies. 
Recurrent rearrangements can be detected using 
a variety of molecular genetic techniques, includ-
ing traditional karyotypic analysis, spectral 
karyotyping (SKY), RT-PCR and fl uorescence in 
situ hybridization (FISH). 

 Traditional karyotypic analysis and SKY 
require culture and growth of tumour cells. Both 
techniques have limitations, including failure of 
tumour cells to grow and a relatively labour- and 
time-intensive interpretation [ 108 ,  109 ]. Further, 
they are considered low resolution techniques, 
with an overall resolution of 3–5 Mb for conven-
tional cytogenetics and 1–2 Mb for SKY [ 110 ,  111 ]. 
However, the advantages of karyotypic analysis 
include the ability to provide global information 
in a single assay [ 109 ] and the possibility of 
detecting novel or variant abnormalities associ-
ated with a specifi c tumour [ 84 ,  108 ]. 

 RT-PCR can detect specifi c transcripts and has 
the advantage of being highly sensitive, rapid and 
requiring only small amounts of tumour RNA [ 109 ]. 
However, RT-PCR is limited by the fact that each 
primer set detects specifi c single fusion genes, and 
to test for multiple translocations requires multiple 
primer sets and polymerase chain reaction (PCR) 
reactions [ 108 ]. Further, it is not a screening test, 
and unusual or variant translocations will not be 
detected. FISH is also relatively rapid and has the 
advantage of detecting all rearrangements for a 
given probe, for example, an  EWSR1  break apart 
probe will detect rearrangement of  EWSR1 , regard-
less of the partner [ 108 ]. However, its strength is 
also its weakness, as the partner gene is not identi-
fi ed. This can be problematic when the tumour has 
overlapping features of several EFT tumour types.   

    Neuroblastoma 

    Clinical Features of Neuroblastoma 

 Neuroblastoma is an embryonic tumour derived 
from primitive neural crest cells of the sympa-
thetic nervous system and can develop anywhere 

from the neck to the pelvis. It is the most common 
extracranial solid tumour of childhood affecting 
approximately 1 in 7,000 children [ 112 ], account-
ing for 15 % of cancer-related deaths in childhood 
and is the most common cause of death in chil-
dren aged one to four years [ 113 ,  114 ]. The 
tumour occurs most frequently in children less 
than 5 years of age, with a median age at presenta-
tion of 18 months [ 115 ]. Neuroblastoma is char-
acterized by a remarkable heterogeneity of 
histology and molecular biology, with a clinical 
outcome ranging from spontaneous regression to 
lethal metastatic disease [ 114 ,  116 ].  

    Risk Stratification 

 In an attempt to tailor therapy to the individual 
patient, children undergo risk stratifi cation 
based on clinical and pathologic parameters and 
molecular genetic testing. Risk categorization 
schemes are continually undergoing refi nement. 
The scheme that has been in use for some time 
by the Children’s Oncology Group is based on 
stage, age, histology category,  MYCN  status and 
ploidy and divides patients into low, intermedi-
ate and high-risk disease (see [ 114 ] for details). 
Treatment for low-risk patients is usually resec-
tion or even just observation. Intermediate-risk 
tumours are usually treated with chemotherapy 
followed by resection. High-risk patients are 
given maximal therapy involving combinations 
of chemotherapy, surgery, radiation, autologous 
stem cell transplantation and immunotherapy. 
The overall survival for these groups is >98 %, 
90–95 % and 40–50 %, respectively [ 117 ]. 
A more recent modifi cation of this scheme adds 
also the parameters of tumour differentiation 
and 11q LOH, resulting in 16 categories associ-
ated with very low, low, intermediate and 
 high-risk disease (see [ 118 ] for details). For 
institutions using this type of patient manage-
ment, pathologists play a critical role in deter-
mining risk category and patient treatment. It is 
therefore important to obtain suffi cient tumour 
for histological assessment as well as  MYCN , 
11q status and ploidy. This necessitates per-
forming either open biopsies or multiple needle 
core biopsies.  
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    Age 

 Patient age is one of the oldest prognostic indica-
tors for neuroblastoma. Tumours in patients 
under 1 year of age tend to show a better outcome 
and are more likely to spontaneously regress or 
differentiate. Overall, 5-year survival for patients 
<1 year old is 94 %; for 1–4 years old, 60 %; and 
for 5–9 years old, 55 % [ 119 ]. Using 1 year of 
age as the cutoff value for favourable prognosis 
was convenient for clinical care but arbitrary, and 
more recent analyses on patients 12–18 months 
of age have resulted in the cutoff value for 
 favourable prognosis being increased to 18 
months of age [ 115 ,  120 ]. This brings the clinical 
parameter of age in line with the pathology clas-
sifi cation system that started to be used almost 30 
years ago (see below).  

    Staging of Neuroblastoma 

 Tumour stage is another long established prog-
nostic marker for neuroblastoma. While different 
systems have been employed at various times and 
places, the one in use for over 20 years by the 
Children’s Oncology Group is the International 
Neuroblastoma Staging System [ 121 ]. In this 
system, stage 1 is used for localized tumours that 
are grossly completely resected, with or without 
residual microscopic disease; stage 2, localized 
tumours not completely resected with (stage 2B) 
or without (stage 2A) ipsilateral lymph node 
involvement; stage 3, unresectable tumours that 
cross the midline (vertebral column) or located 
midline with bilateral extension; and stage 4 for 
disseminated tumours with metastatic involve-
ment including bone, bone marrow, liver, skin 
and/or distant lymph nodes. Stage 4S is a special 
category for metastatic tumours in infants less 
than 18 months of age with a localized primary 
tumour (stage 1, 2A or 2B) and metastatic dis-
ease confi ned to liver, skin and/or bone marrow 
infi ltration of <10 %. 

 Low stage neuroblastoma (stages 1 and 2) 
constitute only about 25 % of cases, but with 
overall survivals of 95–100 % [ 122 ,  123 ]. 
Survival for stage 3 disease ranges from 50 to 
70 % and is dependent on patient age, tumour 

 histology and tumour biology [ 124 ,  125 ]. Stage 4 
patients have a survival of only about 40 % 
[ 126 ,  127 ]. Stage 4S tumours usually spontane-
ously resolve with no or minimal treatment, but 
some behave as high-risk tumours, and prognosis 
(and treatment planning) for individual patients 
can be better determined by other factors such as 
histology and tumour biology [ 128 ] (see below). 

 As part of the new risk classifi cation system 
(see above), the staging of neuroblastoma is 
evolving to a more simplifi ed system, but one that 
is highly dependent on pretreatment imaging 
[ 118 ,  129 ]. Stage L1 refers to a localized tumour, 
confi ned to one body compartment, and not 
involving vital structures according to a list of 
image-defi ned risk factors [ 130 ]. Stage L2 then 
refers to a localized tumour with one or more 
image-defi ned risk factors. Stages M and MS 
replace stages 4 and 4S in the International 
Neuroblastoma Staging System mentioned above. 
Using this staging system, stage L1 tumours have 
a survival of 90 % and stage L2, 78 % [ 129 ].  

    Pathology 

 Neuroblastoma shows a variable microscopic 
appearance, ranging from primitive neuroblastic 
cells to fully differentiated ganglion cells and 
Schwann cells, and all appearances in between. 
At the more primitive end of the spectrum, the 
tumour cells (i.e. neuroblasts) are relatively 
small cells (about twice the diameter of small 
lymphocytes) with no discernible cytoplasmic 
borders (Fig.  23.4 ). Nuclear chromatin patterns 
are coarse and small nucleoli are usually present 
(in contrast to some other small round cell 
tumours). The neuroblasts tend to form nests of 
cells separated by fi brovascular septa, and foci 
of calcifi cation are a common fi nding. The neu-
roblasts may be tightly packed appearing as 
sheets of nuclei, or separated by varying amounts 
of eosinophilic fi brillary material, or neuropil, 
which is actually the cytoplasmic extensions of 
the neuroblasts, and not extracellular matrix. In 
some tumours, the neuroblasts organize in 
rosettes around a central core of neuropil, form-
ing a Homer–Wright rosette. This is a helpful 
diagnostic clue to the diagnosis, but many cases 
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lack this fi nding. Neuroblasts may also show 
anaplastic features. Better differentiated neuro-
blasts show ganglionic differentiation, recogniz-
able as defi ned cytoplasmic borders and nuclear 

features that resemble mature ganglion cells. 
Better differentiated ganglion cells are seen in 
the most mature types of neuroblastoma. These 
cells acquire increased amounts of cytoplasm 

  Fig. 23.4    Microscopic appearance of stroma-poor 
neuroblastoma. ( a ) Neuroblastoma typically forms 
nests of tumour cells separated by fibrovascular septa, 
often containing lymphocytes; ( b ) dystrophic calcifi-
cation is a common histologic finding; ( c ) undifferen-
tiated neuroblastoma consists of crowded primitive 
cells with no evidence of differentiation; ( d ) poorly 
differentiated neuroblastoma with primitive neuro-

blasts showing  moderate nuclear pleomorphism and 
irregular chromatin  patterns, separated by eosinophilic 
neurofibrillary material; ( e ) with better differentiation, 
neurofibrillary rosettes can be found; ( f ) neuroblasto-
mas may contain anaplastic cells but this finding is not 
used to derive a histologic prognosis (haematoxylin 
and eosin, original magnifications: ( a ) ×40, ( b ) ×100, 
( c – e ) ×200, ( f ) ×400)       
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and more typical ganglion cell type nuclei with a 
prominent nucleolus, and the most mature forms 
cannot be distinguished from normal ganglion 
cells. Also with differentiation, the neuropil 
material becomes replaced by mature appearing 
Schwann cells arranged in interlacing fascicles. 
In most instances, the diagnosis of neuroblas-
toma can be made by routine light microscopy. 
However, tumours at the most primitive end of 
the differentiation spectrum will need 
 immunohistochemistry and/or electron micros-
copy to confi rm the diagnosis. Neuroblastoma is 
variably positive for neuron-specifi c enolase, 
chromogranin, synaptophysin and tyrosine 
hydroxylase. The two best markers for neuro-
blasts are NB84 and MAP-2 [ 131 ] (Fig.  23.5 ).

    As a general rule, the more primitive neuroblas-
tomas behave in a more aggressive fashion. In an 
attempt to deal with the different histological 
appearances and relate these more reliably to clini-
cal behaviour, a classifi cation system was created 
that standardizes the terminology for pathology 
reporting and assigns a prognostic value to each 
histological category as to ‘favourable’ or ‘unfa-
vourable’. The system was devised by Dr. Shimada 
and has been periodically updated and revised and 
is now referred to as the International Neuroblastoma 
Pathology Committee classifi cation [ 132 – 135 ]. 

The features used for tumour categorization include 
the degree of differentiation (in terms of the neuro-
blasts and the Schwannian component), the num-
ber of cells in mitosis and/or undergoing 
karyorrhexis and the patient’s age. The formal 
scheme is complicated at fi rst glance and for 
details, the original references should be consulted 
[ 132 – 135 ]. A simplifi ed working version is pre-
sented in Table  23.2 . Tumours are fi rst divided into 
stroma-poor and stroma-rich categories, based on 
the amount of Schwannian tissue or ‘stroma’, with 
<50 % considered to be ‘stroma- poor’. Stroma-
poor tumours constitute 80 % of neuroblastoma 
overall. For stroma-poor tumours, the patient’s age 
can be used as the next parameter, with the older 
patients more likely in the unfavourable group, and 
always if the patient is older than 5 years of age. 
The degree of differentiation is based on the neuro-
blasts and to what extent they are becoming gangli-
onic in appearance. If ≥5 %, the tumour is referred 
to as ‘differentiated’. If the tumour is so primitive, 
it cannot be diagnosed as neuroblastoma by light 
microscopy alone, it is referred to ‘undifferenti-
ated’ and all others are ‘poorly differentiated’. Any 
tumour with neuropil is at least poorly differenti-
ated. Anaplastic cells are not part of the classifi ca-
tion system, although this feature has been 
associated with a worse prognosis [ 132 ].

  Fig. 23.5    Immunohistochemistry of neuroblastoma. Neuroblasts are diffusely positive for ( a ) NB84, ( b ) MAP2 and 
( c ) tyrosine hydroxylase (immunoperoxidase, original magnifi cations: ( a – c ) ×200)       
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   The last parameter to assess is the mitotic–
karyorrhectic index. This refers to the combined 
number of cells in mitosis OR undergoing kary-
orrhexis, and the standard is to evaluate 5,000 
cells for this count. It is not required to report an 
absolute value, only the category of low 
(<100/5,000 cells), intermediate (100–200/5,000 
cells) or high (>200/5,000 cells). Fortunately, 
only about half of the categories in the classifi ca-
tion are actually infl uenced by the MKI (see 
Table  23.2 ), and it need not be done in the other 
categories in order to assign prognosis. Histology 
is a strong prognostic indicator: favourable 
stroma-poor tumours have an overall survival of 
84 % compared to 4.5 % for unfavourable ones 
[ 134 ,  135 ]. 

 For the stroma-rich neuroblastoma (also 
referred to as ganglioneuroblastoma), the system 
is simpler. Two categories are favourable and are 
distinguished by the remaining neuroblastoma 
component, with greater numbers of neuroblasts 
in nests in the intermixed category, compared to 
the fewer isolated ones in the well-differentiated 
ganglioneuroblastoma (also known as maturing 
ganglioneuroma). Overall survival for these sub-
types is 92 % for the intermixed and 100 % for 
the well-differentiated [ 134 ,  135 ]. The one unfa-
vourable type of ganglioneuroblastoma is the 
relatively infrequent nodular subtype, which 
most commonly refers to a composite tumour 

showing a predominance of differentiated 
Schwannian stroma associated with one or more 
macroscopically visible nodules of neuroblas-
toma. Recently, it was determined that nodular 
ganglioneuroblastoma can be subcategorized as 
favourable or unfavourable according to the his-
topathology of the stroma-poor component, 
using the same criteria as for other stroma-poor 
neuroblastomas [ 136 ,  137 ]. Following this 
approach, unfavourable nodular ganglioneuro-
blastoma has an overall survival of 40 % com-
pared to 95 % for favourable nodular 
ganglioneuroblastoma [ 136 ,  137 ]. 

 Immunohistochemistry has generally not been 
found to be prognostic, although it often refl ects 
differentiation. One exception is the neurotrophin 
genes  trkA ,  trkB  and  trkC  that encode the TrkA, 
TrkB and TrkC receptors, respectively. Trk genes 
encode receptor proteins for nerve growth factors 
and are important in differentiation and apoptosis 
of neural crest cells. High expression of TrkA is 
associated with a more favourable prognosis and 
high expression of TrkB with an unfavourable 
prognosis [ 138 – 140 ]. Expression of these pro-
teins can be readily detected by immunohisto-
chemistry, but this information is generally not in 
use to stratify patients and plan therapy. 
Nevertheless, TrkB inhibitors such as Lestaurtinib 
are being investigated as possible therapeutic 
agents in neuroblastoma [ 141 ].  

    Table 23.2    Scheme for histological classifi cation of neuroblastoma   

  Stroma - poor neuroblastoma  
 >5 years old  Unfavourable 
 1.5–5 years old  Differentiated  MKI > 100/5,000  Unfavourable 

 MKI < 100/5,000  Favourable 
 Poorly differentiated  Unfavourable 
 Undifferentiated  Unfavourable 

 <1.5 years old  Differentiated  MKI > 200/5,000  Unfavourable 
 MKI < 200/5,000  Favourable 

 Poorly differentiated  MKI > 200/5,000  Unfavourable 
 MKI < 200/5,000  Favourable 

 Undifferentiated  Unfavourable 
  Stroma - rich neuroblastoma 
(ganglioneuroblastoma)  

 Maturing  Favourable 
 Intermixed  Favourable 
 Nodular  Follow stroma-poor system 
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    Genetic Features of Neuroblastoma: 
Introduction 

 As with histology and clinical behaviour, there is 
great variability in the genetic changes that can 
occur in neuroblastoma. Although genetic 
changes are used in the vast majority of paediat-
ric tumours to aid in diagnosis, this is not the case 
for neuroblastoma. Many genetic changes are 
strong prognostic markers and have been used to 
determine therapy for more than 20 years. Only 
some are currently included in risk stratifi cation 
(see above). Genetic changes fall into two broad 
genetic categories: whole chromosome gains and 
segmental alterations (gains, losses, gene ampli-
fi cations). Generally speaking, tumours with 
whole chromosome gains tend to occur in 
younger patients, have a lower stage, are more 
likely to differentiate and have a more favourable 
prognosis. The opposite tends to be the case for 
tumours with segmental alterations that tend to 
show involvement of chromosomes 1p, 11q, 17q 
and/or the  MYCN  oncogene [ 142 ,  143 ]. 

 Genetic changes in neuroblastoma are detected 
using a variety of techniques including fl ow 
cytometry, in situ hybridization by fl uorescence 
(FISH) or light microscopy chromogens (CISH), 
PCR and DNA arrays, based on either CGH or 
single nucleotide polymorphisms (SNPs). 
Excellent reviews are available on the advantages 
and disadvantages of these various techniques 
[ 144 ,  145 ].  

    DNA Content 

 DNA content or ploidy is one of the oldest genetic 
prognostic markers for neuroblastoma [ 146 ,  147 ] 
and is usually assessed by fl ow cytometry. While 
fresh tumour tissue is optimal, this parameter can 
be determined from paraffi n-embedded tissue if 
necessary. Contrary to what might be predicted, 
diploid (DNA index of 1) tumours are unfavour-
able while aneuploid or triploid tumours (DNA 
index >1) are favourable [ 146 – 149 ]. This phe-
nomenon refl ects the fi nding that diploid tumours 
usually have prognostically unfavourable seg-
mental changes in chromosomes, changes that 

are insuffi cient to alter the overall DNA content 
by much, and therefore such tumours appear dip-
loid by fl ow cytometry. The prognostic value of 
DNA content is more signifi cant in patients <12 
months of age, and after 2 years becomes not sig-
nifi cant. Ploidy is one of the genetic variables 
currently used in risk stratifi cation (see above).  

     MYCN  Oncogene 

 The  MYCN  gene is located on chromosome 2p24, 
and increased copies of this gene (amplifi cation) 
are seen in 16–25 % of neuroblastoma tumours 
but in 40–50 % of high stage tumours (stages 
3 and 4) and uncommonly (5–10 %) in low stage 
tumours (stage 1, 2 or 4S) [ 114 ,  150 – 153 ]. The 
 MYCN  gene is rarely mutated in neuroblastoma 
(1.7 % of cases) [ 154 ]. Amplifi cation of  MYCN  
has been known for about 30 years to be associ-
ated with a poor outcome in neuroblastoma [ 150 , 
 151 ,  155 ]. For any stage, the prognosis is wors-
ened if the tumour is  MYCN  amplifi ed, and for 
stage 4/M disease, the overall 5-year survival 
drops to 25 % [ 153 ,  155 ].  MYCN  copy number is 
one of the markers used in risk stratifi cation (see 
above), and patients with amplifi cation are con-
sidered to be high risk in the most recent system 
[ 118 ], regardless of other prognostic factors. 

 Copy number used to be determined from 
extracted DNA using Southern blotting [ 150 ] or 
quantitative PCR [ 156 ], techniques that gave an 
average result for a patient’s tumour. These tech-
niques have been replaced by FISH or CISH per-
formed either on dispersed nuclei or intact tissue 
sections. Amplifi cation is detected usually as 
extrachromosomal paired chromatin bodies 
(referred to as double minute chromosomes) 
(Fig.  23.6 ) and less commonly as multiple copies 
of the  MYCN  gene integrated as tandem repeats 
into one chromosome forming a homogeneously 
staining region (HSR). It is generally believed 
that HSRs develop from double minute chromo-
somes [ 157 ,  158 ]. The genetic form of amplifi ca-
tion (double minute chromosomes vs. HSRs) has 
no prognostic signifi cance [ 159 ].

   ISH approaches have shown there is consider-
able heterogeneity in the number of double minute 
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chromosomes observed per cell by FISH and CISH 
[ 160 – 165 ]. This is the result of unequal segregation 
of double minute chromosomes between daughter 
cells at mitosis, since double minute chromosomes 
lack centromeres and cannot be faithfully guided by 
the mitotic spindle. To deal with this, amplifi cation 

is defi ned as >10 gene copies per diploid cell [ 148 ]. 
Values of 3–10 are referred to as  MYCN-gained  and 
often refl ect increased copies of chromosome 2, 
where the  MYCN  gene resides.  MYCN  gain does not 
imply an unfavourable prognosis and is not used in 
risk stratifi cation. Since 50 % of cases of metastatic 

  Fig. 23.6     MYCN  amplifi cation in neuroblastoma. 
( a ) Metaphase spread showing numerous double minute 
chromosomes as paired extrachromosomal bodies; 
( b ) FISH probe for  MYCN  tagged with Spectrum orange 
( red  ) showing the double minute chromosomes represent 
multiple copies of the  MYCN  gene (i.e. amplifi cation); 

( c ) metaphase spread showing a homogeneously staining 
region integrated into one chromosomes, lacking the nor-
mal banding pattern seen in the other chromosomes; 
( d ) FISH probe for  MYCN  tagged with Spectrum green 
( green ) showing the homogeneously staining region is a 
tandem series of copies of the  MYCN  gene       
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neuroblastoma do not have  MYCN  amplifi cation, 
it follows that the lack of amplifi cation is not nec-
essarily a favourable prognostic indicator. Levels 
of  MYCN  mRNA and MYCN protein have not 
been found to be prognostically useful [ 166 ]. 
However, recent studies have shown that some 
tumours have an unfavourable course due to ele-
vated MYCN protein levels in the absence of 
 MYCN  amplifi cation [ 167 ]. 

 When comparing expression profi les in 
 MYCN -amplifi ed and non-amplifi ed neuroblasto-
mas, over 200 genes are associated with increased 
 MYCN  expression [ 168 – 172 ] and many of these 
genes are targets of MYCN. Upregulated genes 
include other transcription factors, genes related 
to proliferation, drug resistance and angiogene-
sis. Downregulated genes include those related to 
cell cycle regulation, apoptosis, signal transduc-
tion and neural differentiation. All of these 
changes would be permissive to tumour develop-
ment and survival.  

    Chromosomal Changes 
in Neuroblastoma 

    Alterations of Chromosome 1p 
 Deletion of chromosome 1p occurs in 25–35 % 
of neuroblastoma overall, but LOH for this 
region occurs in up to 90 % of high stage cases 
[ 148 ,  173 ,  174 ]. The minimal common region of 
deletion has been narrowed to 1p36.2–1p36.3, 
but in many cases, the deletion is much larger 
[ 175 ]. Deletion is usually detected by FISH 
(Fig.  23.7 ), whereas detection of LOH requires 
other techniques such as PCR or SNP arrays, 
which are not generally in use in most diagnostic 
laboratories. Deletion of 1p or LOH of 1p is 
associated with a poor prognosis, but this genetic 
change is usually associated with  MYCN  ampli-
fi cation, as well as other unfavourable markers 
such as stage 4 disease, diploid chromosomal 
content and 17q gain [ 148 ,  173 ,  174 ,  176 ]. 
However, some tumours show 1p LOH without 
these other changes, supporting 1p LOH to be an 
independent marker for poor prognosis [ 177 ]. 
Despite this evidence, 1p status is not used cur-
rently for risk stratifi cation.

   The region 1p36.2–1p36.3 is believed to be 
the site of one or more tumour suppressor genes. 
Expression studies comparing neuroblastomas 
with and without 1p deletion identifi ed ~25 
known genes in this region including ones 
involved in neural differentiation, signal trans-
duction in neural cells and cell cycle regulation 
[ 178 ]. However, complete loss of expression was 
 not  consistently found for any single gene. 
Another expression study concluded that the 
unfavourable prognosis from 1p deletion/LOH 
results from reduced expression of a combination 
of genes, rather than a single tumour suppressor 
gene [ 179 ]. Sequencing the entire region of mini-
mal deletion on chromosome 1p identifi ed 15 
known genes, 9 unknown genes and 6 predicted 
genes [ 180 ]. Of these only  CDH5  (chromatin 
helicase-binding domain 5) showed high expres-
sion in neural tissue  and  no expression in neuro-
blastoma. This gene encodes VE-cadherin 
(CD144) and is involved in chromatin remodel-
ling. CHD5 is an attractive candidate tumour sup-
pressor gene for neuroblastoma:  CHD5  
expression is lost in neuroblastoma cell lines and 
restoration leads to loss of tumourigenicity. The 
fi rst allele is lost by deletion and the second is 
inactivated by promoter methylation. High  CDH5  
expression correlates with other favourable 
parameters (age, stage, histology, ploidy,  MYCN  
status, 1p status) and a favourable outcome 
[ 180 – 182 ].  

    Alterations of Chromosome 11q 
 11q deletion or LOH occurs in 21 % of cases of 
neuroblastoma [ 148 ]. The changes are centred on 
region 11q23, which is believed to be the site of 
one or more important tumour suppressor genes 
that to date have not been identifi ed. As with 1p 
alterations, changes at 11q can be detected by 
FISH, PCR or DNA arrays. 11q deletion/LOH is 
associated with a poor outcome, with an overall 
survival rate of 45 % [ 183 ]. 11q23 changes are 
associated with gain at chromosome 17q, but are 
inversely associated with  MYCN  amplifi cation 
and alterations at 1p [ 184 ]. This makes 11q status 
a powerful prognostic marker for cases that are 
not  MYCN  amplifi ed and can be used to defi ne a 
distinct biological group of neuroblastoma with a 
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poor prognosis. Alterations of 11q are one of the 
parameters used in the latest risk stratifi cation 
system [ 118 ].  

    Alterations of Chromosome 17q 
 In contrast to 1p and 11q that can be deleted in 
neuroblastoma, the region of 17q is often gained 
in neuroblastoma (48 % of cases), making this 
change the most common genetic change seen in 
neuroblastoma [ 148 ,  185 ]. It is most easily 
detected by FISH (Fig.  23.7 ). This region is 
sometimes involved in an unbalanced transloca-
tion, but the breakpoint is not consistent, other 
than occurring proximal to 17q22 [ 186 ]. This 
suggests the clinical effects of 17q gain are 
related to dosage effects of one or more genes in 
the distal portion of 17q acting as oncogenes, 
rather than disruption of a specifi c gene [ 186 ]. 
Genes that reside in this region that have been 
shown to be overexpressed in neuroblastoma 
include  NGFR ,  nm23 - H1 ,  nm23 - H2  [ 187 ], 
 BiCR5  [ 188 ] and  PMM1D  [ 189 ].  BiCR5  and 
 PMM1D  are related to cell proliferation and inhi-
bition of apoptosis, changes that would promote 

a malignant phenotype. Of interest,  nm23 - H1     and 
 nm23 - H2  are both targets of the MYCN protein, 
but their exact role in neuroblastoma is not 
known. 17q gain is associated with a poor out-
come, with an overall survival of 31 % [ 185 ]. 
This change, however, is associated with 1p dele-
tion and  MYCN  amplifi cation in two-thirds of 
patients. This genetic fi nding is not currently 
used for risk stratifi cation in neuroblastoma.   

    Specific Genes Altered 
in Neuroblastoma 

     ALK  Gene 
 The  ALK  gene is normally expressed in the devel-
oping nervous system (central and peripheral) 
and is involved in neuronal differentiation during 
embryogenesis and activation of cell prolifera-
tion, migration and survival (reviewed in [ 190 ]). 
Multiple malignancies harbour  ALK  alterations, 
including anaplastic large cell lymphoma and 
infl ammatory myofi broblastic tumour, which are 
both encountered in the paediatric age group. 

  Fig. 23.7    Chromosomal gains and losses in neuroblastoma. 
( a ) FISH probe for the 1p region tagged with Spectrum 
orange ( red ) showing one copy per interphase nucleus, 
whereas a centromere probe for chromosome 1 tagged with 

Spectrum green ( green ) shows two copies of chromosome 1 
are present, indicating a deletion of 1p; ( b ) FISH probe for 
the 17q region tagged with Spectrum orange ( red ) showing 
3–4 copies per interphase nucleus, indicating 17q gain       
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Germline mutations in  ALK  occur in ~50 % of 
cases of hereditary neuroblastoma [ 191 ,  192 ] and 
some of these pedigrees also have congenital 
anomalies of the central nervous system [ 193 ]. 
 ALK  alterations are not limited to familial neuro-
blastoma;  ALK  gain (from trisomy 2p) is seen in 
23 % cases and  ALK  amplifi cation in 2 % cases. 

  ALK  mutations are equally distributed over all 
stages of neuroblastoma, and an association 
between most  ALK  mutations and reduced survival 
has not yet been established [ 190 ]. However, the 
prognostic signifi cance may be mutation- specifi c; 
the F1174L mutation when associated with  MYCN  
amplifi cation correlates with a very poor outcome, 
worse than  MYCN  amplifi cation alone [ 194 ]. This 
suggests a synergism between the  ALK  and  MYCN  
genes in neuroblastoma, a concept supported by 
work in transgenic animal models. Transgenic ani-
mal models that overexpress human  MYCN and  the 
 ALK  F1174 mutation show increased tumour inci-
dence and earlier tumour onset [ 195 – 197 ]. In this 
setting, the mutant ALK protein results in increased 
functional MYCN protein, in part through activa-
tion of the mTOR pathway [ 195 ]. ALK point muta-
tions can occur in human neuroblastoma in the 
absence of  MYCN  amplifi cation, suggesting the 
 ALK  mutation may be oncogenic in itself. This 
concept is also supported by animal studies; a 
transgenic mouse model that overexpresses the 
 ALK  F1174 mutation develops neuroblastoma with 
 MYCN  amplifi cation and 17q loss [ 196 ]. Activation 
of  ALK  regulates cellular proliferation, differentia-
tion and apoptosis via a number of different signal-
ling pathways. The specifi c proteins and pathways 
involved in  ALK  mutations leading to neuroblas-
toma are still being worked out (reviewed in [ 190 ]). 

  ALK  mutations are associated with high  ALK  
expression but, paradoxically, high  ALK  expres-
sion can also be seen in tumours that lack  ALK  
mutations [ 198 ,  199 ]. The ALK protein can be 
detected by immunohistochemistry. Greater than 
50 % tumour cells positive by immunohisto-
chemistry has been associated with a poor out-
come [ 198 ]. Immunostaining would be simpler 
and cheaper than gene sequencing, but the prog-
nostic signifi cance of this remains unestablished. 
The importance of determining the  ALK  status 
for neuroblastoma patients lies mainly in the clin-

ical potential. ALK inhibitors exist, and studies 
are ongoing to explore these as a therapeutic 
option in neuroblastoma. Knowledge of the spe-
cifi c mutation may be needed since some muta-
tions are more resistant to certain ALK inhibitors 
than others [ 190 ]. mTOR inhibitors may be use-
ful in overcoming resistance to ALK inhibitors 
[ 195 ]. It is unclear whether to treat only patients 
with  ALK  mutations or also those in whom the 
tumour is ALK positive by immunohistochemis-
try, but not  ALK  mutated. The decision will deter-
mine how the pathology laboratory assesses  ALK  
gene status for neuroblastoma patients.  

    Other Genes 
  Phox2B : Germline mutations in the  Phox2B  gene 
have been reported in familial neuroblastoma 
[ 200 – 202 ]. Such patients may have other abnor-
malities, such as Hirschsprung disease and con-
genital hypoventilation syndrome (Ondine’s 
curse). Only rarely are  Phox2b  mutations detected 
in sporadic neuroblastoma [ 203 ]. 

  PTPN11 : Germline mutations in the  PTPN11  
gene are associated with Noonan syndrome, in 
which there is a predisposition to malignant 
tumours, in particular brain tumours, RMS and 
leukaemia, and rarely neuroblastoma [ 204 ,  205 ]. 
The overall mutation frequency in sporadic neu-
roblastoma is only 2.9 % [ 154 ,  204 ]. 

  ATRX : The  ATRX  gene is involved in chromatin 
remodelling, nucleosome assembly and telomere 
maintenance [ 206 ]. Through whole genome 
sequencing, mutations were found in the  ATRX  
gene in patients with stage 4 neuroblastoma that 
were strongly age-dependent: 44 % of cases in 
patients >12 years of age, 17 % of cases in patients 
18 months to <12 years and 0 % of cases in 
patients <18 months [ 206 ]. Overall, the frequency 
of mutation is 9–10 % [ 154 ].  ATRX  mutations 
were mutually exclusive of  MYCN  amplifi cation, 
and patients with  ATRX  mutations had a more 
chronic and progressive course of disease. 

  LIN28b : Overexpression of  LIN28b  is a frequent 
fi nding in high-risk neuroblastoma (both  MYCN  
amplifi ed and non-amplifi ed), but only a small 
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proportion of cases are associated with amplifi ca-
tion of the  LIN28b  gene on 6q21 [ 207 ]. High 
expression is a poor prognostic marker that is 
independent of  MYCN  amplifi cation. 

  ARID1A / ARID1 : Mutations have recently been 
detected in the genes  ARID1A  and  ARID1B  in 
11 % of patients with neuroblastoma, with roughly 
equal involvement of both genes [ 208 ]. These 
mutations were associated with a poor outcome. 
The mutations lead to loss of function of the pro-
teins, which normally are involved in chromatin 
remodelling as part of the SWI/SNF complex that 
is essential for the self-renewal of multipotent 
neural stem cells. 

  TP53 : The tumour suppressor gene  TP53  is rarely 
mutated in neuroblastoma, although this can 
occur following cytotoxic therapy [ 209 ,  210 ]. 
However, disturbances in the p53 pathway in 
neuroblastoma may come via other routes. The 
 MDM2  gene normally inhibits p53 activity by 
degradation of p53. Amplifi cation of  MDM2  is 
seen in sarcomas, gliomas and leukaemias [ 211 ] 
but not in neuroblastoma [ 212 ]. Instead, the 
 MDM2  gene is a target gene for MYCN, and neu-
roblastomas with  MYCN  amplifi cation have high 
levels of MDM2 expression [ 212 ]. In turn, this 
leads to inhibition of p53 pathways.   

    Screening Technologies 
for Neuroblastoma 

    Expression Profiling 
 cDNA microarray studies have been widely used 
to study neuroblastoma [ 168 – 170 ,  172 ,  178 , 
 213 – 226 ]. Some studies have examined neuro-
blastomas in general, and others have compared 
specifi c subgroups (e.g. tumours with and with-
out 1p deletion, with and without  MYCN  ampli-
fi cation, low vs high telomerase expression, low 
vs. high stage). The goal has been to identify spe-
cifi c genes that play critical roles in determining 
the biology of neuroblastoma. Most studies have 
generated sets of 15–80 genes that are overex-
pressed in unfavourable tumours and another 
similar set overexpressed in favourable tumours. 

Genes that are expressed in favourable type neu-
roblastomas include ones involved in neuronal 
differentiation, catecholamine metabolism, neu-
ropeptide hormone activity, cell cycle regula-
tion, apoptosis, signal transduction, cell adhesion 
and cell-to-cell signalling. Genes that are 
expressed in unfavourable type tumours include 
telomerase, transcription factors, DNA helicases, 
RNA binding proteins and genes involved in 
apoptosis escape. Overexpression of these would 
then lead to chromosomal instability, malignant 
transformation, invasiveness and metastatic 
spread. 

 As might be expected with a tumour of such 
complicated biology as neuroblastoma, no single 
marker has emerged as a strong predictor of out-
come, but several studies have generated sets of 
genes, the expression profi les of which were use-
ful for predicting prognosis. While these may be 
more accurate than the current risk stratifi cation 
systems [ 220 ,  221 ], the need for high-quality 
RNA samples, expensive microarray technology 
and detailed computer-based analysis of the 
results makes this type of testing impractical for 
everyday clinical use. Nevertheless, specifi c 
genes of interest for prognosis or treatment pur-
poses may be culled from such studies in the 
future.  

    miRNAs in Neuroblastoma 
 microRNAs (miRNAs) are small noncoding 
RNAs that generally act as negative regulators of 
gene expression by inhibiting translation or pro-
moting RNA degradation [ 227 ,  228 ]. The pri-
mary miRNA is processed into its fi nal form by 
the endonucleases DROSHA and DICER. Global 
downregulation of miRNAs has been reported in 
high-risk neuroblastoma associated with low 
expression of DICER and DROSHA [ 229 ]. 

 Some miRNAs are targets of  MYCN  [ 230 ,  231 ]. 
By comparing  MYCN -amplifi ed and non- 
amplifi ed tumours, at least 50 miRNAs are dif-
ferentially regulated by  MYCN . The majority are 
repressed including miRNAs involved in control-
ling cell cycle, apoptosis, differentiation and sig-
nal transduction (e.g. miR-184 and miR-542-5p). 
Some miRNAs show increased expression, and 
these normally promote cell proliferation, cell 
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migration and inhibition of apoptosis (e.g. 
miR-9 and the miR-17-92 cluster). Such altera-
tions would favour a malignant phenotype and 
metastatic spread. The expression of a small 
number (<35) of specifi c miRNAs has been 
reported to be useful in separating neuroblas-
toma patients into low-risk and high-risk groups 
[ 229 ,  232 ,  233 ]. This type of testing generally 
requires both high- quality RNA samples and 
array technology and is beyond the capabilities 
of most paediatric laboratories.  

    Whole Genomic Profiling 
in Neuroblastoma 
 High throughput sequencing technologies have 
found few recurrently mutated genes in 
 neuroblastoma, largely limited to  ALK ,  PTPN11 , 
 ATRX ,  ARID1A  and  ARID1B  (see above) [ 154 , 
 208 ]. Perhaps a more exciting result from this 
type of technology is the identifi cation of specifi c 
alleles/variants in the  host  genome that are asso-
ciated with not only susceptibility to develop 
neuroblastoma but also the clinical behaviour of 
the neuroblastoma. Such risk alleles can be iden-
tifi ed by genome-wide association screening 
(GWAS), an approach that compares the genomes 
of a very large numbers of patients to an even 
larger number of controls to obtain statistical 
verifi cation. From this type of work, it has been 
shown that specifi c SNPs in  BARD1 ,  CHEK2 , 
 LMO1 ,  LINC00340  and  PINK1  are associated 
with high-risk disease, whereas specifi c SNPs in 
 DUSP12 ,  DDX4 ,  IL31RA  and  HSD17B12  are 
associated with low-risk disease ([ 154 ,  234 –
 238 ]). Moreover, children carrying 6–8 risk 
alleles have a threefold increased risk of develop-
ing high-risk neuroblastoma compared with 
those who carried 0–3 risk alleles [ 236 ]. The 
mechanisms on how the polymorphisms in these 
genes affect neuroblastoma tumour biology are 
just beginning to be worked out. As an example, 
 BARD1  is related to  BRCA1  that plays a role in 
breast cancer. One variant,  BARD1β , is preferen-
tially expressed in neuroblastoma and stabilizes 
the Aurora family of kinases in neuroblastoma 
cells [ 239 ]. The clinical relevance to this under-
standing is that Aurora kinase inhibitors exist and 

these might offer a therapeutic option for neuro-
blastoma treatment. 

 There is also evidence that high-risk behav-
iour in neuroblastoma may be infl uenced by epi-
genetic modifi cations during tumour evolution, 
such as methylation. Since methylation generally 
results in gene silencing, this has a similar result 
to a loss of function mutation. Methylation can 
be detected using methylation-specifi c PCR 
[ 240 ]. In neuroblastoma, methylation of specifi c 
genes, such as  CASP8 ,  DCR2 ,  HIN - 1 ,  HIST1H3C , 
 PRPH  and  ACSS3 , has been shown to be associ-
ated with a poor prognosis [ 240 – 242 ]. Caspase 8 
function is involved in apoptosis and HIN1 in 
controlling cell migration, and  PRPH  encodes 
the cytoskeletal protein peripherin that is associ-
ated with maturation of a neuronal phenotype. 
Hence, loss of these functions would support a 
malignant phenotype.    

    Emergent Technologies 

 Several relatively recent techniques have the 
potential to be utilized in the diagnostic laboratory, 
namely, array technologies, NanoString RNA 
technology and whole genome sequencing. 

    Microarray CGH 

 Microarray CGH (mCGH) uses a DNA chip to 
detect copy number changes in tumour DNA 
[ 145 ,  243 ]. Multiple regions of genomic gain/
amplifi cation or deletion can be detected by one 
test using array technology versus multiple 
labour-intensive tests using the current, most 
commonly used technique of interphase fl uores-
cence in situ hybridization (iFISH). mCGH has 
been recently applied to neuroblastoma, a tumour 
where certain DNA copy number changes are 
associated with prognosis (see previous neuro-
blastoma section). In addition to providing such 
clinical information, mCGH has also provided a 
large number of discovery-based fi ndings that 
may form the basis of future prognostic targets 
[ 169 ,  244 – 247 ].  
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    Expression Arrays 

 The use of expression arrays as routine diagnostic 
tools in the clinical laboratory has not been real-
ized. It requires signifi cant technical and fi nancial 
resources, high-quality and demanding tissue 
handling protocols and results in a large amount 
of data requiring sophisticated computational 
algorithms for meaningful analysis [ 22 ,  248 ]. 
Further, reproducibility between studies has been 
variable. For these reasons, expression array stud-
ies have not been incorporated into the clinical 
laboratory. 

 Nevertheless, expression array technology 
has been extensively applied to neuroblastomas 
(see previous neuroblastoma section) and sarco-
mas in research settings. Studies analysing sar-
comas have attempted to identify gene 
expression patterns associated with specifi c 
tumour subtypes, with the aim being to translate 
expression array data into clinically useful anti-
body markers for diagnosis, classifi cation and 
prognosis (reviewed in [ 22 ,  248 ]). An example 
is the discovery of TLE1 as a specifi c marker for 
SS [ 249 ,  250 ] and the fi nding of cKIT expres-
sion associated with gastrointestinal stromal 
tumour [ 251 ]. More recent work has found spe-
cifi c markers distinguishing subtypes of osteo-
sarcoma [ 252 ] and synovial sarcoma [ 253 ], 
enabling more accurate subclassifi cation. 
Further, therapeutically relevant discoveries 
have been made, particularly with relation to the 
use of IGF pathway inhibition in the treatment 
of ES [ 254 ,  255 ] and HER2 in SS [ 249 ].  

    NanoString Technology 

 NanoString technology is a barcode-based system 
[ 256 ] that uses two types of probes: reporter 
probes and capture probes. Each probe has 
sequence-specifi c region that binds to the target 
sequence (either mRNA or DNA). Reporter probes 
are labelled with colour-coded bar tags, with each 
specifi c reporter probe having a unique colour 
code identifi er. The capture probe then hybridizes 
with the target transcript–reporter pair and immo-
bilizes the complex onto the surface of the chip. 

Excess probe and nucleic acid are then washed 
away and the signal is read and decoded [ 256 ]. The 
methodology avoids the necessity of reverse tran-
scription or amplifi cation of the target genes. The 
system is extremely sensitive (500 attomolar quan-
tities), and the hybridization- based  technique mini-
mizes background. Further, NanoString uses 
minimal amounts of DNA or RNA (50–100 ng) and 
can use up to 800 probes in a single reaction [ 257 ]. 

 NanoString technology has been recently 
applied to paediatric sarcomas [ 258 ], as well as 
fusion transcript detection in adult cancers [ 259 ]. 
NanoString technology is ideally placed to detect 
fusion transcripts [ 258 ,  259 ]. Furthermore, the 
assay has the ability to test for multiple different 
fusion transcripts in a single reaction, avoiding the 
need for multiple different assays [ 256 ]. Some 
laboratories are currently exploring the utility of 
such a technique for the detection of diagnostically 
specifi c translocations in paediatric sarcomas.  

    Whole Genome and Whole Exome 
Sequencing 

 WG/WE sequencing has had limited use in the 
diagnostic oncology laboratory; however, there 
have been several discovery-related fi ndings 
using such techniques. The general concepts of 
using this technology in paediatric neoplasia 
have been discussed under neuroblastoma.   

    Conclusion 

 The current state of molecular diagnostics for 
cancer in paediatrics is one of rapid change. With 
newer techniques comes additional molecular 
information that impacts diagnosis, prognosis 
and therapeutic options for individual tumours. 
Techniques such as NanoString and microarray 
CGH are making their way into diagnostic oncol-
ogy laboratories, and whole genome sequencing 
is already being used for the detection of consti-
tutional aberrations. The era of personalized 
medicine is upon us, and the pathologist will play 
a central role as we move forward to more accu-
rate diagnoses and specifi c targeted therapies.     
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           Introduction 

 During the last decade, the fi eld of pharmacoge-
nomics (PGx) has revolutionized our approach to 
prognosis, screening, diagnosis, and targeting ther-
apies by means of personalized and predictive 
medicine with the rapid evolution of genetic and 
genomic technologies. These have not only defi ned 
the way the clinical practice is evolving today but 
also indicate how it will be practiced in the future. 

 While pharmacogenetics involves the rela-
tionship between response to drugs and single 
genes, PGx comprises infl uence of different 
genes that determine drug behavior or the whole 
genome including germline variation (single- 
nucleotide polymorphisms [SNPs], gene copy 
number alterations) and acquired changes (tumor 
mutations) that relate to drug response, adverse 
drug reactions (ADRs), or toxicity [ 1 ,  2 ]. In con-
trast to disease genetics, PGx focuses specifi -
cally on personalized or predictive medicine 
involving genetic biomarkers of outcome from 
pharmacologic interventions based on both drug 
effi cacy and ADRs. However, sometimes both 

pharmacogenetics and pharmacogenomics are 
used interchangeably in terms to characterize 
and understand drug-genome relation. 

 The term “pharmacogenetics” was fi rst coined 
by Friedrich Vogel in 1959, to describe the study 
of genetically inherited conditions which alters 
pharmacokinetics and pharmacodynamics mecha-
nisms, while the term “pharmacogenomics” has 
been introduced during the 1990s to transmit the 
idea that variability in drug response may refl ect 
sets of variants within an individual or across a 
population using the broadened pharmacogenetic 
approaches with the advent of novel genomic tech-
niques [ 3 ]. P4 medicine is a term coined by biolo-
gist Leroy Hood more recently and is short for 
“predictive, preventive, personalized, and partici-
patory medicine” to denote an ongoing revolution 
in medicine, moving from a reactive to a proactive 
discipline that envisions to maximize wellness for 
each patient rather than to treat the patient [ 4 ,  5 ].  

    Pharmacogenomics in Oncology 

 The fi eld of oncology is being revolutionized by 
incorporating many of the strategies of personal-
ized medicine, especially within the realm of 
PGx. It particularly has a signifi cant role in the 
pharmacotherapy of cancer, because most clini-
cally used anticancer drugs have narrow thera-
peutic indices, variable response rates, rapid and 
severe systemic toxicity, and unpredictable effi -
cacy which are the hallmarks of cancer therapies 
and ultimately exhibit a large interindividual 
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pharmacokinetic and pharmacodynamics vari-
ability [ 6 ]. The implementation of PGx in cancer 
treatment offers the potential for clinicians to bet-
ter predict the differences in drug response, resis-
tance, effi cacy, and toxicity among chemotherapy 
and targeted therapy patients and to optimize the 
treatment regimens based on these differences. 

 Oncologists have long recognized that there 
exists a considerable variation among the cancer 
patients in their response to a drug and to the 
toxic effects of the drug. Through individualized 
medicine a realistic goal can be attained by pro-
fi ling the patients’ genetic framework using the 
molecular biology concepts of PGx which has 
the potential to revolutionize the cancer therapy. 
PGx is especially important for oncology as it 
focuses on severe systemic toxicity and unpre-
dictable effi cacies that are hallmarks of cancer 
therapies [ 6 ,  7 ]. In the practice of oncology medi-
cine, ADRs in cancer therapy have become 
almost synonymous with the therapy themselves. 
ADRs are a signifi cant health burden worldwide. 

 It is ranked as the fi fth leading cause of death 
in the United States and causes over two million 
severe reactions and claims 100,000–218,000 
lives annually and costs over $100 billion dollars 
annually [ 8 ]. It is also an important source of 
morbidity and mortality among cancer patients. 

PGx has been shown to be a powerful predictor 
of ADRs and has the potential to prevent patients 
who are predisposed to ADRs from potentially 
iatrogenic adverse outcomes. 

 Although many factors infl uence the effect of 
medications, genetic factors often account for a 
signifi cant proportion of interindividual drug 
response variability [ 9 ]. In cancer medicine, clin-
ical molecular diagnostics and biomarker discov-
eries are constantly advancing as the molecular 
mechanisms involved in neoplastic cell transfor-
mation are increasingly understood. Ultimately, 
these have the potential to make therapy safer and 
more effective by determining selection and dos-
ing of drugs for an individual patient. 

 The cancer biomarkers can be classifi ed as 
prognostic and predictive biomarkers. Prognostic 
biomarkers are associated with clinical outcome, 
such as overall survival or recurrence-free survival, 
independent of therapy, whereas predictive bio-
markers are associated with drug response and uti-
lized for predicting clinical decisions [ 10 ]. Rapid 
developments in new molecular technologies for 
genomic analysis now provide the means to per-
form comprehensive analyses of cancer genome 
mutations. In this review, we discuss the commonly 
used prognostic and predictive biomarkers in clini-
cal molecular oncology testing (Table  24.1 ).

   Table 24.1    Pharmacogenomics biomarkers and targeted therapeutics for common cancers   

 Tumor type  Molecular biomarker  Frequency (%)  Clinical utility 

 Breast cancer  ER/PR  55–75  Sensitivity to hormonal therapy 
  ERBB2  ( HER2 )  20–30  Sensitivity to trastuzumab, pertuzumab 

 Colorectal  KRAS  35–40  Sensitivity to cetuximab and panitumumab 
 MSI  15  Resistance to 5-fl uorouracil 
 UGT1A1*28  39  Adverse reaction to irinotecan 

 Gastrointestinal stromal tumors  KIT  ~85  Sensitivity to imatinib, sunitinib 
 Leukemia (chronic 
myelogenous leukemia) 

 BCR-ABL  >95  Sensitivity to imatinib, dasatinib, nilotinib, 
bosutinib, ponatinib 

 Leukemia (acute 
promyelocytic leukemia) 

 PML-RAR-alpha 
translocation 

 100  Sensitivity to all-trans retinoic acid and 
arsenic trioxide 

 Leukemia (acute myeloid 
leukemia) 

 FLT3  40  Prognostic relevance 
 NPM1  55 
 CEBPA  17 

 Leukemia (acute lymphoblastic 
leukemia) 

 TPMT  10  Increased risk of 6-mercaptopurine-
induced neutropenia 

 Melanoma   BRAF  V600E  40–60  Sensitivity to vemurafenib 
 NSCLC  EML4-ALK  5–7  Sensitivity to crizotinib 

 EGFR  15  Sensitivity to erlotinib, gefi tinib 
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      Breast Cancer 

 Breast cancer is the most common cancer in 
women worldwide. It is the second leading cause 
of cancer-related mortality among women and 
accounts for 14 % of cancer deaths [ 10 ]. 
According to the National Cancer Institute, an 
estimated 232,340 women will be diagnosed with 
the disease, and 39,620 will die from it in 2013 in 
the United States [ 11 ]. Approximately 5–10 % of 
breast cancers are reported to be hereditary [ 12 ]. 
Inherited loss-of-function mutations in the tumor 
suppressor genes  BRCA1 ,  BRCA2 , and multiple 
other genes such as  TP53 ,  PTEN ,  CHEK2 , 
 MLH1 , and  MSH2  predispose to high risks of 
breast and/or ovarian cancer.  BRCA1  and  BRCA2  
mutations account for 5–10 % of breast cancers 
in Caucasian women in the United States [ 10 ]. 

 Approximately 55–75 % of breast cancers are 
estrogen receptor (ER)-positive, and the hormone 
receptor status of the cancer can predict the out-
come to suppression therapy with tamoxifen or 
raloxifene [ 13 ,  14 ]. Among the breast cancers 
that express ER, more than half of these tumors 
also express progesterone receptor (PR). 
Tamoxifen is an antagonist of the estrogen recep-
tor and hence competes with estrogen from bind-
ing to the ER via its active metabolite, 
hydroxytamoxifen, and has been used as a fi rst- 
line therapy for many years. In premenopausal 
women, tamoxifen is usually administered for 
hormone receptor-positive breast cancer and also 
as a standard in postmenopausal women though 
aromatase inhibitors are used more frequently in 
this group [ 15 ]. If the tumor is hormone receptor- 
negative, the v-erb-b2 erythroblastic leukemia 
viral oncogene homolog 2 and neuro-/
glioblastoma- derived oncogene homolog 
( c - ERBB2  or  HER2 / neu ) receptor 2 status will 
predict the effi cacy of trastuzumab [ 16 ]. 
Amplifi cation or overexpression of the  HER2  
gene occurs in approximately 20–30 % of breast 
cancers. Trastuzumab (Herceptin; Genentech, 
South San Francisco) is a recombinant, human-
ized anti-HER2 monoclonal antibody and the 
fi rst clinically active anti-HER2 therapy to be 
developed for targeting  HER2  overexpressed 
tumors. Trastuzumab consists of two antigen- 

specifi c sites that bind to the extracellular 
 juxtamembrane portion of the HER2 receptor 
and that prevent the activation of its intracellular 
tyrosine kinase. Other possible mechanisms by 
which trastuzumab decreases signaling include 
prevention of HER2 receptor dimerization, 
increased endocytotic destruction of the receptor, 
inhibition of shedding of the extracellular 
domain, and immune activation [ 16 ]. Pertuzumab, 
another monoclonal antibody, which inhibits 
dimerization of HER2 receptor which is hypoth-
esized to result in delayed tumor growth, was 
approved by the FDA for use in combination with 
trastuzumab in June 2012. Ado-trastuzumab 
emtansine (Kadcyla) was approved in February 
2013 by the FDA, which is the fi rst antibody-
drug conjugate for treating HER2-positive meta-
static breast cancer [ 17 ]. An accurate 
determination of HER2 status is critically impor-
tant for clinical decision-making. While there are 
several methods available to detect  HER2  status, 
fl uorescence in situ hybridization (FISH) and 
 immunohistochemistry (IHC) are the two most 
commonly employed methods.  

    Colorectal Cancer 

 Colorectal cancer is one of the leading causes of 
cancer-related mortality worldwide. It is esti-
mated that about 102,480 colon and 40,000 rectal 
cancers will be diagnosed in the United States in 
2013 [ 18 ]. Colorectal cancer develops through a 
series of events that lead to the transformation of 
normal mucosa to adenoma and then to carci-
noma where genomic instability plays an integral 
part in the transformation process. The three dis-
tinct molecular pathways identifi ed in colorectal 
cancer are the chromosomal instability pathway, 
microsatellite instability pathway, and the CpG 
island methylator phenotype pathway [ 19 ]. 

 Mutations in the KRAS proto-oncogene are 
overexpressed in colorectal cancer but are com-
mon in many other types of cancers, including 
pancreatic, lung, and ovarian cancer [ 20 ]. KRAS 
is a signaling molecule downstream of the epi-
dermal growth factor receptor (EGFR), a trans-
membrane receptor for extracellular signaling, 
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and upstream of RAF in the RAS/RAF/MAPKs 
signaling pathway. The wild-type KRAS medi-
ates signal transduction through its GTPase activ-
ity by switching the GDP bound inactive form to 
the GTP bound active form [ 20 ,  21 ]. 

 Mutations in  KRAS  are reported in 35–40 % of 
colorectal tumors [ 22 ]. Activating mutations in 
 KRAS  are among the most common mutations in 
human cancers [ 23 ]. The most common  KRAS  
mutations are missense mutations leading to 
amino acid substitutions at codons 12 and 13 of 
exon 2 that account for about 95 % of all muta-
tion types with mutation at codon 12 being most 
prevalent and tumorigenic, with approximately 
80 % occurring in this codon [ 24 – 26 ]. The com-
mon amino acid substitution at both codons 12 
and 13 is a glycine to an aspartate residue. In 
addition, mutations in codons 61, 146, and 154 
have been documented but are rare [ 24 ]. The 
KRAS is a membrane-anchored guanosine 
 triphosphate-/guanosine diphosphate (GTP/
GDP)-binding protein and is widely expressed in 
most human cells. All of the  KRAS  mutations 
enhance the oncogenic potential of  KRAS  by dis-
abling the intrinsic GTPase activity of  KRAS  and 
preventing GTPase-activating proteins (GAP) 
from associating with  KRAS  [ 27 ]. During normal 
physiological conditions, upstream signals acti-
vate wild-type  KRAS  by promoting the exchange 
of bound GDP for GTP, and this process is tran-
sient because of GAP-mediated GTP hydrolysis. 
However, when the  KRAS  gene is mutated, this 
process becomes transformed [ 28 ]. 

 As  KRAS  is the most frequently mutated fac-
tor downstream of the EGFR signaling pathway, 
it was considered a candidate molecular bio-
marker for anti-EGFR therapy. Target-specifi c 
treatments, such as cetuximab and panitumumab, 
monoclonal antibodies directed against EGFR, 
improved progression-free survival in patients 
with colorectal cancer that have not responded 
to traditional chemotherapies [ 21 ]. Nevertheless, 
metastatic colorectal cancer patients whose 
tumors harbor mutations in  KRAS  do not benefi t 
from anti-EGFR therapies [ 29 ]. Therefore, 
screening of patients who are candidates for 
these therapies for KRAS mutations has been 

recommended. Molecular testing for these 
 mutations can be performed by various tech-
niques including real-time PCR, Sanger sequenc-
ing, pyrosequencing, and microbead arrays. 

 The discovery of the microsatellite instability 
(MSI), the molecular fi ngerprint of a defective 
mismatch repair system, is an important feature 
in about 15 % of colorectal tumors. These tumors 
with MSI have distinctive features, including a 
tendency to arise in the proximal colon, lympho-
cytic infi ltrate, and a poorly differentiated, muci-
nous, or signet ring appearance [ 30 ]. While 
MSI tumors have a better prognosis than micro-
satellite stable colorectal tumors, MSI cancers 
mostly do not have the same response to the 
 chemotherapeutics used to treat microsatellite 
stable tumors. MSI tumors might not benefi t 
from 5- fl uorouracil-based adjuvant chemother-
apy regimens especially in stage II MSI tumors 
[ 30 ]. MSI testing is conducted using a PCR-
based assay and/or immunohistochemical stain-
ing for MMR protein expression. 

 Irinotecan is a topoisomerase I inhibitor 
approved worldwide for the treatment of meta-
static colorectal cancer. A genetic variation in 
 UGT1A1  increases the risk of irinotecan-induced 
toxicity. It is responsible for conjugating acti-
vated irinotecan, SN-38, to a glucuronide inac-
tive metabolite, SN-38G, through glucuronidation. 
Mutations in  UGT1A1  can result in signifi cant 
reduction in glucuronidation, leading to increased 
exposure of SN-38 and an increased risk of severe 
neutropenia [ 31 ]. Patients who are homozygous 
for the  UGT1A1 * 28  allele are at the highest risk 
of developing severe toxicity, whereas heterozy-
gous patients seem at intermediate risk. The 
 UGT1A1 * 28  allele seems to confer reduced gene 
expression compared with the wild-type allele, 
 UGT1A1 * 1 , leading to increased exposure of 
patients to the cytotoxic metabolite SN-38. The 
accumulated evidence prompted the US FDA and 
the pharmaceutical sponsor to revise the irinote-
can label in June 2005. The label includes homo-
zygosity for the  UGT1A1 * 28  genotype as one of 
the risk factors for severe neutropenia [ 32 ,  33 ]. 
A US FDA-approved  UGT1A1 * 28  genotyping 
method is also commercially available [ 34 ].  
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    Gastrointestinal Stromal Tumors 

 Gastrointestinal stromal tumor (GIST) is one of 
the most common mesenchymal tumors of the 
gastrointestinal tract. It is estimated that there are 
3,300–6,000 new cases of GIST that occur yearly 
in the United States, mostly in adults [ 35 ]. The 
pathologic characterization of GIST was fi rst 
described in 1983, and it was later demonstrated 
that mutational activation of a proto-oncogene, 
 KIT , stimulated the growth of the cancer cells and 
represents the molecular hallmark of GIST [ 36 ]. 
In healthy individuals, the role of  KIT  usually is 
to signal cells to grow and divide, a signal which 
limits cell division and growth. However, in 
patients with GIST, a malfunctioning of KIT sig-
nals the cells to constantly grow and divide out of 
control becoming cancerous [ 37 ]. 

 Targeted agents were developed in the form of 
small molecule tyrosine kinase inhibitors, such 
as imatinib and sunitinib, where they block sig-
naling via  KIT  by binding to the adenosine 
triphosphate- binding pocket required for phos-
phorylation and activation of the receptor result-
ing in inhibition of tumor proliferation [ 38 ]. 
Those GIST patients carrying  KIT  exon 11 muta-
tions (deletions or substitutions) tend to have a 
relatively higher response rate, reduced risk of 
progression, and long median survival, compared 
with those carrying wild-type or exon 9 muta-
tions [ 39 ]. IHC staining for  KIT  identifi es most 
GISTs. The US FDA approved the use of rego-
rafenib (Stivarga) in February 2013, for locally 
advanced, unresectable GISTs that no longer 
respond to imatinib or sunitinib. In a pivotal 
phase III GRID, trial of 199 patients with meta-
static or unresectable GIST demonstrated that 
regorafenib along with best supportive care 
(BSC) signifi cantly improved progression-free 
survival compared to placebo with BSC [ 40 ].   

    Chronic Myelogenous Leukemia 

 Chronic myelogenous leukemia (CML) or 
chronic granulocytic leukemia is a myeloprolif-
erative disorder characterized by the proliferation 

of myeloid cells in the bone marrow [ 41 ]. 
It accounts for about 20 % of all leukemias affecting 
adults especially middle-aged individuals and it is 
uncommon in children. According to the cancer sta-
tistics data of 2013, an annual decline in mortality 
rate of 8.4 % was reported for CML when data were 
analyzed from 2000 to 2009 [ 18 ]. 

 The myeloproliferative disease is relatively 
easy to diagnose because the leukemic cells of 
more than 95 % of patients have a distinctive 
cytogenetic abnormality, the Philadelphia chro-
mosome (Ph1) [ 42 ,  43 ]. The Ph1 results from a 
reciprocal translocation between the long arms of 
chromosomes 9 and 22. The translocation involves 
the transfer of the  Abelson  ( ABL ) gene on chro-
mosome 9 oncogene area to the  breakpoint clus-
ter region  ( BCR ) of chromosome 22, resulting in 
a fused  BCR-ABL  gene [ 44 ] (Fig.  24.1 ). The 
fusion gene produces a protein, p210 (b2a2 
(e13a2) and b3a2 (e14a2)), an abnormal tyrosine 
kinase that plays a key role in the development of 
CML [ 45 ]. It results in deregulated proliferation 
and reduced adherence to the bone marrow stroma 
and impaired apoptotic response to mutagenic 
stimuli [ 46 ]. CML with p190 BCR- ABL and 
p230 BCR-ABL is less frequent [ 45 ].

   Usually, CML presents in a chronic phase but 
progresses to an accelerated phase and a terminal 
blast crisis [ 47 ]. The understanding of the abnor-
mal signaling in CML cells led to the design and 
development of small molecules that target the 
tyrosine kinase activity of BCR-ABL, of which 
imatinib mesylate (Gleevec) was fi rst to be used, 
which signifi cantly improved outcomes for Ph1- 
positive CML patients [ 48 ]. Tyrosine kinase 
inhibitor imatinib competes with ATP for binding 
to the BCR-ABL kinase domain, thus preventing 
phosphorylation of tyrosine residues. Disruption 
of this oncogenic signal is critical for disease 
control, especially when used in initial chronic 
phase of the disease. Nevertheless, the emergence 
of subclones of leukemic progenitor cells with 
point mutation in the coding sequence of the 
ABL kinase domain of BCR-ABL prevents the 
binding of the inhibitor to the kinase domain that 
can lead to imatinib resistance [ 49 ]. The more 
potent second-generation BCR-ABL inhibitors 
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dasatinib (Sprycel) and nilotinib (Tasigna), with 
bosutinib (Bosulif) and ponatinib (Iclusig), 
 having been recently approved for market inclu-
sion could circumvent this form of drug failure in 
the case of most kinase domain mutations associ-
ated with imatinib resistance [ 49 ,  50 ]. Resistance 
has been associated with more than 50 different 
amino acid residues within BCR–ABL [ 51 ]. In 
vitro, dasatinib and nilotinib are effective against 
all imatinib-resistant  BCR – ABL  mutants tested 
except T315I. However, each inhibitor has 
reduced potency toward specifi c mutants com-
pared with unmutated  BCR – ABL : F317L and 
E255V for dasatinib, and Y253F/H, E255K/V, 
and F359V for nilotinib whereas bosutinib is less 
active in V299L and E255K/V mutant carriers 
and inactive against T315I [ 52 ,  53 ]. Dasatinib, 
nilotinib, and bosutinib have a 325-fold, 10–50- 
fold, and 25-fold increased potency, respectively, 
over imatinib against  BCR - ABL1  kinase activity 
[ 54 ]. Therefore, in addition to monitoring 
  BCR - ABL1         levels, it has become important to 
screen imatinib-resistant CML cases for muta-
tions in the fusion gene. 

 The important prognostic indicator is the 
response to therapy at the hematologic, cytoge-
netic, and molecular level [ 55 ,  56 ]. Imatinib cur-
rently has a complete cytogenetic response rate 

of 70–90 %, with a 5-year progression-free sur-
vival and overall survival between 80 and 95 % 
[ 57 ]. In most patients, following the imatinib 
therapy, transcripts of  BCR - ABL  remain detect-
able by quantitative RT-PCR [ 58 ]. Therefore, 
patients need to be continually monitored in 
order to detect the level of  BCR - ABL  transcripts. 
Measurement of minimum residual disease using 
molecular analysis (real-time quantitative PCR) 
has become the gold standard of measuring 
response to therapy, considering its higher sensi-
tivity compared with other cytogenetic or FISH 
testing [ 59 ]. 

    Acute Promyelocytic Leukemia 

 Acute promyelocytic leukemia (APL), a distinc-
tive subtype of AML, comprises about 5–8 % of 
AML cases [ 60 ], with an abnormal accumulation 
of immature granulocytes called promyelocytes 
in the blood and bone marrow. Early diagnosis in 
APL is essential because it is associated with life- 
threatening disseminated intravascular coagula-
tion [ 61 ]. The disease is characterized by a 
chromosomal translocation involving the (15;17) 
(q22;q12) leading to fusion of the promyelocytic 
gene (PML) on chromosome 15 with the  retinoic 

  Fig. 24.1    The translocated  abl  gene inserts to the  bcr  gene forming Philadelphia chromosome [  http://www.cancer.gov/
cancertopics/pdq/treatment/CML/Patient/page1    ]       
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acid receptor  ( RARα ) gene on chromosome 17, a 
diagnostic hallmark of APL. This translocation 
produces a chimeric protein that blocks the 
myeloid differentiation at the promyelocytic 
stage leading to increased proliferation of promy-
elocytes [ 62 ]. 

 The blasts are highly sensitive to the 
anthracycline- based chemotherapy in APL 
patients. During the past decades, two therapeu-
tic drugs have been introduced that have dramati-
cally improved the treatment outcome of this 
disease. The all-trans retinoic acid (ATRA), a 
vitamin A derivative that targets the RARa 
domain of the fusion protein, is the fi rst drug dis-
covered. This signifi cantly increased clinical 
remission and improved the 5-year disease-free 
survival rates from below 40 % to more than 
80 % [ 63 ]. The second drug is arsenic trioxide 
(ATO), a component that targets PML and was 
discovered to be very effective in treating APL as 
a single agent [ 64 ]. Currently, ATRA in combina-
tion with chemotherapy is employed as the front-
line therapy, while ATO is being used for 
refractory or relapsed patients. Studies have 
revealed a positive synergistic effect of these 
drugs, suggesting that future therapy of newly 
diagnosed patients may involve a combination of 
the two reagents [ 65 – 68 ]. 

 Various diagnostic tools such as cytogenetics, 
FISH, monoclonal anti-PML antibodies, or 
RT-PCR are necessary for genetic confi rmation 
of the aberrant  PML – RARa  fusion oncogene. The 
only technique that can identify the  PML – RARa  
isoform useful for the monitoring of MRD is 
RT-PCR [ 69 ,  70 ] whereas quantitative RT-PCR 
improves the predictive value of MRD monitor-
ing. By employing quantitative RT-PCR, it evalu-
ates response to treatment and assess prognosis 
of disease and therefore guides therapy in order 
to reduce the rate of relapse [ 71 ]. Once, APL was 
considered the most malignant human leukemia 
associated with the worst prognosis, and this has 
been transformed in the past few decades into the 
most frequently curable, with advancement in 
diagnostic molecular testing, sensitive MRD 
monitoring by PCR techniques, predicting 
relapse-risk categories, and adoption of risk- 
adapted strategies [ 72 ].  

    Acute Myeloid Leukemia 

 It has long been appreciated that acute myeloid 
leukemia (AML) belongs to a heterogeneous 
group of neoplastic disorders with marked vari-
ability in both response to therapy and overall 
survival. It is heterogeneous regarding clinical 
feature, morphological and immunophenotypic 
features, and karyotypic and genetic abnormali-
ties, as well as in the genetic and molecular basis 
of pathology. 

 In the AML, accumulation of acquired genetic 
variations in the myeloid progenitor cell trans-
forms normal growth, proliferation, and cell dif-
ferentiation. Nevertheless, only 55 % of the 
patients with AML have chromosomal abnormal-
ities detectable by standard cytogenetic analyses 
[ 73 ,  74 ]. Cytogenetically normal (CN) group of 
these neoplasms that account for about 45 % 
belongs to molecularly heterogeneous disease 
entity in which mutations in certain genes have 
been linked to prognostic signifi cance. Mutant 
variations in the internal tandem duplications 
(ITD) of the  fms - like tyrosine kinase 3  ( FLT3 ) 
gene and mutations in  NPM1  and  CEBPA  genes 
are the most common prognostic markers 
[ 75 ,  76 ] (Fig.  24.2 ).

    Nucleophosmin  ( NPM1 ) gene also known as 
nucleolar phosphoprotein B23 or numatrin 
located at 5q35.1 is a ubiquitously expressed 
phosphoprotein that belongs to the nucleoplas-
min family of nuclear chaperones. The gene con-
tinuously shuttles between the nucleus and 
cytoplasm with predominant nucleolar localiza-
tion, a signifi cant characteristic feature of patients 
with AML who have a normal karyotype [ 77 ]. It 
is involved in critical cell functions such as con-
trol of ribosome formation and export, stabiliza-
tion of the oncosuppressor p14 Arf  protein in the 
nucleolus, and regulation of centrosome duplica-
tion [ 78 ]. Among the AML mutations,  NPM1  
gene mutations represent the single most com-
mon genetic alteration in adult de novo AML. 
These gene mutations account for about 35 % of 
all cases with 50–60 % cases having cytogeneti-
cally normal karyotype [ 79 ].  NPM1  mutations 
occur in exon 12 and are most frequently charac-
terized by a 4-bp insertion, leading to frameshift 
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and an elongated protein, which is retained in 
the cytoplasm. Mutation A accounts for about 
70–80 % of all adult cases due to a TCTG dupli-
cation at position 960 whereas mutation B and D 
together account for 15–20 % of all cases. There 
are about 50 other mutations that have been iden-
tifi ed till date [ 80 ]. Therefore, a reliable molecu-
lar method is necessary for accurate identifi cation 
of the NPM1 mutations. Simultaneous detection of 
the most common  NPM1  mutations in exon 12 
(A, B, D, and J) is employed by multiplex RT-PCR 
followed by multiplex detection on the Luminex® 
100 IS™ or 200™ System. In addition, fragment 
analysis is yet another molecular diagnostic assay 
for detection of these mutations. 

 Activating mutations in the  FLT3  gene are the 
most common mutations in AML and are associ-
ated with a higher risk of relapse and indicate 
poor prognosis [ 81 ]. The  FLT3  gene is located on 
13q12 and encodes a membrane-bound receptor 
tyrosine kinase (RTK) that belongs to the RTK 
subclass III family, characterized by fi ve 
immunoglobulin- like extracellular domains, a 
single transmembrane domain, a juxtamembrane 
domain (JMD), and an intracellular domain con-
sisting of two protein tyrosine kinase (PTK) 
domains linked by a kinase-insert domain [ 81 ]. 

 Mutations of the  FLT3  are of major clinical 
relevance in AML because they guide treatment 
decisions as independent indicators of poor 
 prognosis [ 75 ,  82 ]. The most common mutation 

of  FLT3  in AML is the internal tandem duplica-
tion ( FLT3-ITD  ).  FLT3 - ITD  results from a dupli-
cation of a fragment within the juxtamembrane 
domain coding region (encoded by exons 14 and 
15) of  FLT3 . It is found in 15–35 % of AML 
patients [ 83 ], and this is fi rst described by Nakao 
et al. in a high proportion of patients with AML 
[ 83 ]. The mutation is rare in infant AML but 
increases to 5–10 % in age 5–10 years, 20 % in 
young adults, and >35 % in AML patients older 
than 55 years [ 84 ]. This mutation enhances auto- 
dimerization and autophosphorylation of the 
receptor, which turns it constitutively phosphory-
lated and activating AKT, a key serine-threonine 
kinase within the phosphatidylinositol 3-kinase 
pathway [ 85 – 87 ]. 

 The second most common type of  FLT3  
 mutations is the  FLT3 - TKD  found in 5–10 % of 
AML, and they rarely coexist with  FLT3 - ITD . The 
mutation occurs in codon 835 with a change of an 
aspartic acid to tyrosine (D835Y or Asp835Tyr). 
 FLT3 - TKD  promotes ligand-independent prolifer-
ation through autophosphorylation and constitu-
tive receptor activation, similar to that of 
 FLT3 - ITD . They promote activation of different 
downstream effectors and trigger different biologi-
cal responses [ 88 ,  89 ]. The presence of  FLT3 - ITD     
is an independent prognostic factor for poor 
 outcome in AML. Sorafenib, an inhibitor of mul-
tiple kinases including FLT3, has demonstrated 
promising effect in  FLT3 - ITD -positive AML [ 90 ]. 

  Fig. 24.2    Relative frequencies of common recurrent genetic abnormalities in AML [ 76 ]       
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However, the drug is not effective in the treatment 
of  FLT3 - ITD -positive AML relapsing after alloge-
neic hematopoietic stem cell transplantation [ 90 ]. 
Detection of activating mutations in the receptor 
tyrosine kinase FLT3 can be conducted by fl uores-
cence-based multiplex PCR fragment analysis. 
The testing would help selecting AML cases that 
are appropriate for targeted therapy. 

 The  CEBPA  gene located on chromosome 
19q13.1 encodes a member of the basic leucine 
zipper (bZIP) domain transcription factor family 
and is a critical regulator of granulopoiesis [ 91 ]. 
The CEBPA mutations can be classifi ed broadly 
into two groups: N-terminal frameshift mutations 
and C-terminal in-frame mutations in a basic 
 leucine zipper (bZIP) domain. Mutation in the 
N-terminal specifi cally abolishes the translation 
of the full length (42-kDa) CEBPA protein, lead-
ing to the overexpression of a shorter, dominant- 
negative 30-kDa isoform of CEBPA (Fig.  24.3 ). 
Mutations in the C-terminal lead to proteins with 
disrupted homo- and hetero- dimerization 
domains and ultimately result in impaired DNA 
binding activities [ 92 ,  93 ]. The majority of AML 
patients with  CEBPA  mutations harbor a muta-
tion at both domains (CEBPA double mutants), 
and these are located on different alleles, result-
ing in the lack of wild-type C/EBPα p42 expres-
sion in these patients. However, both types can 
occur as single  CEBPA  mutations, in which 
expression of the wild-type product is retained at 
lower levels [ 94 ,  95 ]. A fl uorescence- based mul-
tiplex PCR fragment analysis and a direct 
sequencing method are commonly employed for 
detecting  CEBPA  mutations in patients with acute 
myeloid leukemia.

       Acute Lymphoblastic Leukemia 

 Acute lymphoblastic leukemia, also known as 
acute lymphocytic leukemia (ALL), is the most 
common cancer diagnosed in children and repre-
sents 23 % of cancer diagnoses among children 
younger than 15 years. This represents 12 % of 
all leukemia cases, with a worldwide incidence 
projected to be 1–4.75 per 100,000 people [ 96 ]. It 
occurs at an annual rate of about 30–40 cases per 
million people in the United States [ 97 ]. 
Thiopurine S-methyltransferase (TPMT) is a 
cytosolic enzyme ubiquitously expressed in the 
human body and catalyzes the S-methylation of 
thiopurines such as 6-mercaptopurine (6-MP) 
which is a standard drug therapy in ALL. The 
 TPMT  heterozygous individuals (6–11 % of 
white individuals) have intermediate TPMT 
activity, and homozygous mutant individuals 
(0.2–0.6 % of white individuals) have very low 
TPMT activity. About 20 variant alleles 
( TPMT * 2 -* 18 ) have been identifi ed, which are 
associated with decreased activity compared with 
the  TPMT * 1  wild-type allele. Through molecular 
profi ling, more than 95 % of defective TPMT 
activity can be addressed by the most frequent 
mutant alleles, TPMT*2 and TPMT*3(A-D) 
[ 98 – 101 ]. Genetic variation in  TPMT  is associ-
ated with myelosuppression after treatment with 
6-MP. Patients may experience moderate to 
severe myelosuppression such that drug dose 
reduction may be warranted. Low TPMT activity 
levels could put a patient at risk for developing 
toxicity, since too much drug would be converted 
to 6-thioguanine nucleotides (6-TGNs), the cyto-
toxic active metabolite incorporated into DNA. 

TAD1

Transcription activation DNA binding and dimerization

42 kDa 30 kDa

TAD2 bZIP

  Fig. 24.3    Schematic of transactivation and basic region leucine zipper domains       
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However, patients with high TPMT activity levels 
would need higher than standard doses of a thio-
purine drug to respond well to the therapy, since a 
large amount of the drug is being inactivated 
before it can be converted to 6-TGNs. Additionally, 
genetic testing of TPMT may be important not 
only for determining TPMT-related 6-MP toxicity 
but also for determining response to 6-MP, mea-
sured by minimal residual disease (MRD), in the 
early course of childhood ALL. Therefore, dose 
modifi cations based on TPMT genetic testing are 
now recommended by the FDA [ 98 ,  99 ]. Real-
time PCR method is one of the techniques rou-
tinely employed for the molecular detection  

    Melanoma 

 Melanoma is the leading cause of death from skin 
disease that accounts for 4 % of incident cancers, 
and its mortality rate is increasing [ 102 ]. Although 

the prognosis is better in early-stage cases upon 
surgical excision and adjuvant therapy, many will 
develop disseminated disease [ 103 ]. Melanoma is 
a complex genetic disease, and multiple genetic 
variations have been reported to play a role in 
pathogenesis of disease progression. More 
recently, preclinical discoveries have led to the 
understanding of molecular pathogenesis of mela-
noma and the key molecular signaling events 
underlying the disease. Approximately 40–60 % 
of melanomas harbor activating mutations in the 
BRAF, a serine/threonine protein kinase that leads 
to constitutive activation of downstream signaling 
in the MAP kinase/ERK pathway (Fig.  24.4 ) 
[ 104 ]. In 80–90 % of the cases, the activating 
mutation consists of a single-base missense trans-
version (T to A at nucleotide 1,799) resulting in 
substitution of glutamic acid for valine at amino 
acid 600 (V600E) in exon 15. The effects of other 
less frequent observed BRAF mutations have also 
been reported. Among melanomas with mutated 

  Fig. 24.4    The  BRAF  and signal transduction: The RAS-
RAF-MAPK (mitogen-activated protein kinase) signaling 
pathway is a pivotal molecular cascade through which 
extracellular signal can be transmitted into the nucleus, to 
control cell proliferation or differentiation by changes in 

gene expression. Extracellular signals (growth factors) 
that activate one of two types of receptor, receptor tyro-
sine kinases and G-protein-coupled receptors, can result 
in the activation of RAS, leading to activation of BRAF 
and the downstream cascade [ 104 ]       
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 BRAF , about 5–12 % are V600K (valine to lysine) 
and 5 % or less are V600R (valine to arginine) or 
V600D (valine to aspartic acid) [ 105 ]. These less 
frequent mutations, similar to BRAFV600E, 
result in an increase in BRAF kinase activity and 
increased MEK and ERK phosphorylation [ 106 ].

   The  BRAFV600E  mutation became a popular 
target in drug development due to the high preva-
lence in melanoma. Sorafenib was one of the fi rst 
multi-kinase inhibitors which targeted BRAF but 
lacked selectivity and potency. Additionally, it is 
a highly potent inhibitor of VEGFR2, VEGFR3, 
and several other kinases critical in cancerous 
processes [ 107 ,  108 ]. Later, vemurafenib, a novel 
BRAF inhibitor with greater specifi city to mutant 
 BRAFV600E  than the wild-type protein, has been 
developed. This orally available selective BRAF 
inhibitor, vemurafenib, has potent cytotoxicity 
against melanoma cells in vitro and in vivo and 
clinically has improved survival of melanoma 
patients [ 109 ,  110 ]. Vemurafenib also asserts its 
inhibitory action on other BRAF mutations such 
as  BRAFV600D ,  BRAFV600K , and  BRAFV600R  
in preclinical trials [ 111 ,  112 ].  BRAFV600K  and 
 BRAFV600E  both show better responses to the 
MEK inhibitor, trametinib (GSK1120212), com-
pared to patients with wild-type BRAF melano-
mas [ 113 ,  114 ].  

    Non-small Cell Lung Cancer 

 Non-small cell lung cancer (NSCLC) is the most 
common type of lung cancer and accounts for 
approximately 85 % of all lung cancers [ 115 ]. 
The introduction of genome-wide analyses has 
dramatically broadened our view on the molecu-
lar landscape of NSCLC. A number of molecular 
variations have been identifi ed in NSCLC which 
include  EML4 - ALK  translocation fusions,  EGFR  
mutations and amplifi cations,  KRAS  mutations, 
 PIK3CA  mutations,  MET  mutations, alternative 
splicing, amplifi cation, and overexpression [ 116 ]. 

 Among the three common types of NSCLC, 
adenocarcinoma is the most common type of lung 
cancer seen in the United States that accounts for 
about 50 % of the cases whereas squamous cell 
carcinoma in 30 % of the cases and large cell can-
cers in 10 % of the cases [ 117 ]. Adenocarcinoma 

is also the most frequently occurring cell type in 
nonsmokers. Gene expression profi ling using 
DNA microarrays has identifi ed subtypes of lung 
adenocarcinomas (e.g., bronchioid, squamoid, 
magnoid) which correlate with stage-specifi c 
 survival and metastatic pattern. Importantly, bron-
chioid tumors were associated with increased sur-
vival in early-stage disease, whereas squamoid 
tumors were associated with increased survival in 
advanced disease [ 118 ]. 

 In patients with NSCLC, mutations in epider-
mal growth factor receptor ( EGFR ) and anaplas-
tic lymphoma kinase ( ALK ) are mutually 
exclusive, and the presence of one mutation in 
lieu of another can infl uence response to targeted 
therapy. Therefore, molecular testing for these 
mutations and tailoring therapy accordingly is 
widely accepted as standard practice. 

 A signifi cant development in molecular diag-
nostic and clinical oncology is the discovery of 
the  EML - ALK  fusion oncogene which was fi rst 
identifi ed in 2007 in a small proportion of patients 
with NSCLC. This fusion oncogene arises from 
an inversion on the short arm of chromosome 2, 
inv(2) (p21p23), that joins exons 1–13 of EML4 
to exons 20–29 of ALK [ 119 ,  120 ]. The resulting 
fusion protein, EML4-ALK, contains an 
N-terminus derived from EML4 and a C-terminus 
containing the entire intracellular tyrosine kinase 
domain of ALK. Multiple variants of  EML - ALK  
have been reported, all of which encode the same 
cytoplasmic portion of ALK but contain different 
truncations of EML4. The fusion protein is 
expressed aberrantly and activates canonical sig-
naling pathways, including Ras/Mek/Erk and 
PI3K/Akt cascades (Fig.  24.5 ). In addition, com-
binations of  ALK  with other partners including 
TRK-fused gene  TFG  and  KIF5B  have also been 
described in lung cancer patients but appear to be 
much less common than  EML4 - ALK  [ 121 ]. 
Crizotinib is an oral tyrosine kinase inhibitor, 
which silences the protein product of the  ALK  
fusion gene and has been approved in 2011 for 
the treatment of NSCLC [ 122 ]. The  ALK  gene 
rearrangements or the resulting fusion proteins 
may be detected using FISH, IHC, and reverse 
transcription polymerase chain reaction. The 
gold standard tool for diagnosing  ALK -positive 
NSCLC is FISH.
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   In the FISH analysis, the break-apart probes 
include two differently colored (red and green) 
probes that fl ank the highly conserved transloca-
tion breakpoint within ALK. In the setting of an 
ALK rearrangement, red and green probes are 
separated and splitting of the red and green sig-
nals is observed; while in the non-rearranged 
cells or wild-type cells, the overlying red and 
green probes result in a yellow (fused) signal. 
Atypical patterns of cell rearrangement have also 
been detected, and these are also responsive to 
ALK inhibition with crizotinib (Fig.  24.6 ).

   In the United States, mutations in the EGFR 
tyrosine kinase are observed in approximately 
15 % of NSCLC adenocarcinoma and occur 
more frequently in nonsmokers [ 123 ]. The most 
 commonly found  EGFR  mutations in patients 
with NSCLC are deletions in exon 19 (E19del in 
45 % of patients) and a mutation in exon 21 
(L858R in 40 % of patients). In advanced 
NSCLC, the presence of an  EGFR  mutation 
 confers a more favorable prognosis and strongly 
predicts sensitivity to EGFR tyrosine kinase 
inhibitors such as erlotinib and gefi tinib [ 117 ].   

  Fig. 24.5    Schematic of ALK fusion oncogene and important downstream signaling pathways [ 121 ]       

  Fig. 24.6    Fluorescence microscopy image using ALK 
break-apart probes of cells from a NSCLC tumor, demon-
strating an ALK gene rearrangement. The red and green 
probes hybridize to regions that fl ank the highly con-
served translocation breakpoint within the ALK gene. 
 Arrow : in the setting of an ALK rearrangement, these 
probes are separated, and splitting of the red and green 
signals is observed. In the wild-type intact ALK gene, the 
closely apposed red and green probes result in a yellow 
signal (adapted from UpToDate)       
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    Conclusion 

 Achieving personalized care is increasingly 
important among cancer patients as they often 
require complex and coordinated ongoing medi-
cal attention and require multiple long-term med-
ications to prevent disease recurrence, manage 
disease-related symptoms, or treat long-term 
therapy-induced toxicities. Rapid developments 
in new molecular technologies for genomic anal-
ysis now provide the means to perform compre-
hensive analyses of cancer genome mutations. As 
our knowledge of tumor heterogeneity and tumor 
resistance mechanisms evolves, more rational 
therapies and combinations of therapies can be 
expected. Pharmacogenomics provides a unique 
approach toward investigating and therapeuti-
cally serving the individual cancer patient 
through personalized medicine. By using the 
information gleaned from pharmacogenomics 
and molecular testing, it is anticipated that cancer 
chemotherapy can be tailored to the individual 
patient or tumor phenotype, making therapy safer 
and more effective for cancer patients.     
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           Introduction 

 In the past 20 years, the demand for molecular 
genetic testing has increased enormously. Clinical 
laboratory science has been transformed by 
generic molecular genetic technologies crossing 
traditional boundaries between diverse laboratory 
disciplines, including genetics, haematology, 
clinical chemistry and microbiology. Also, many 
of the laboratories offering diagnostic molecular 
genetic testing on a routine basis originated from 
a research-based setting. In bringing these new 
technologies into diagnostic practice, issues of 
quality have not been given adequate attention. 

The exponential growth of the clinical diagnostic 
molecular genetic laboratories together with 
improving  technical approaches has forced these 
laboratories to reorganise and standardise their 
methods and procedures and to manage their 
increasing datafl ow more effi ciently that is impor-
tant for confi rmation of a clinical diagnosis. The 
results of DNA diagnostic tests are of major impor-
tance in clinical decision-making, and therefore, 
the quality of the whole laboratory process, from 
sample reception to reporting of the results, from 
calibration of equipment to training of personnel 
and from documentation to method validation, 
should be managed systematically. Laboratories 
need to ensure that all the process is well controlled 
in terms of quality, using reference materials. 
External quality assessment (EQA) schemes are 
one of the ways to validate and improve this qual-
ity. Several have been established to help laborato-
ries measure their performance against other 
centres and against fi xed standards. 

 Cancer is now known to be a heterogeneous 
disease at the molecular level, with genetic and 
genomic factors underlying its aetiology. 
Understanding how these factors contribute to 
the development and treatment of both sporadic 
and hereditary cancers is important in cancer risk 
assessment, prevention, diagnosis, treatment and 
long-term management and surveillance. Now, a 
set of molecular analyses is well implemented in 
routine laboratories and covers these different 
aspects. The molecular results can now be inte-
grated early in the decision process for the man-
agement of both patient and cancer. 
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 In medical genetics, it is used to assess the 
exact nature of a cancer predisposition and to fur-
ther establish the risk of asymptomatic relatives 
for developing cancer. Mutation carriers then 
enter specifi c early detection programmes and 
prophylactic recommendations referred to as per-
sonalised follow-up. 

 Recent advances in pharmacogenetics and 
pharmacogenomics have gradually unveiled the 
genetic basis of individual differences in drug 
responses. Molecular tests are used to character-
ise or classify tumours, detect specifi c alterations 
that relate to prognosis or defi ne targets that pre-
dict therapy response or adverse effects. The 
results of these tests directly infl uence the clini-
cal management of individual patients and par-
ticipate to the so-called personalised therapy. 
Given the complexity of this genetic information 
(tumour mutation, gene overexpression, chromo-
somal translocation and germ line variations), as 
well as the variable level of scientifi c evidence, a 
subtle and moving classifi cation of the tests has 
been proposed as a standard, optional or recom-
mended complement to the therapeutic or diag-
nostic evaluation. That is why the quality of the 
   result produces a very crucial point as any false 
positive or negative will bias the decision and 
reduce the chance to be correctly managed or 
treated for a patient. 

 In the following sections, we address the best 
practice recommendations for genetic testing 
through examples taken within one of the most 
frequent pathologies in oncology that is colorec-
tal cancer. Colorectal cancer management indeed 
takes advantage of all the approaches mentioned 
above. Major genetic predispositions encounter 
for about 10 % of colorectal cancer and are 
genetically identifi ed as polyposis syndromes 
and Lynch syndrome linked to germ line 
 mutations in the APC, MYH, SMAD4, BMPR1A 
and STK11 genes and mismatch repair (MMR, 
i.e. MSH2, MLH1, MSH6, PMS2) genes, respec-
tively. Recently developed drugs, which target 
molecular pathways altered in cancer cells, are 
only effective in the subset of patients that carries 
a molecular alteration that is targeted by a par-
ticular drug. For the identifi cation of such molec-
ular alterations, the term “predictive molecular 

pathology” has become popular. An example of a 
personalised therapy is the use of KRAS gene 
mutation analysis constraining the prescription of 
EGFR-targeting drugs in patients with metastatic 
colorectal adenocarcinoma [ 1 ]. Microsatellite 
instability (MSI) in patients with stage II colorec-
tal cancer is also a strong predictive factor for 
deciding on adjuvant treatment, and systematic 
testing has been retained as a standard but is not 
limiting test prior to therapeutic decision. On the 
contrary, although the ColoPrint( ® ) and Oncotype 
Dx( ® ) gene expression signatures have been 
shown to have prognostic value, no consensus yet 
exists concerning their use in clinical practice [ 2 , 
 3 ]. Overall response rates after adjuvant chemo-
therapy remain low, with high rates of toxicity 
and pharmacogenetics aims at predicting adverse 
effects in individual patients [ 4 ,  5 ]. As an exam-
ple, UGT1A1*28 leads to reduced conjugation of 
the active metabolite of irinotecan, resulting in an 
increased rate of adverse effects, especially neu-
tropenia. Several other polymorphisms are 
known to infl uence drug effi cacy, but the inter-
pretation of pharmacogenetic tests is compli-
cated, although results imply a promising way of 
pretreatment evaluation.  

    Quality Management 

 Models for integrated quality care have been pro-
gressively developed, based on the circle initially 
proposed by Demming that shows the constant 
process of quality care divided into four impor-
tant phases: Plan—Do—Check—Act. Together, 
these models lifted the concept of quality from 
the primary process of producing high-quality 
goods to a higher level in an organisation, includ-
ing its management [ 6 ]. 

 First of all, developing a quality policy is the 
responsibility of management, but the attainment 
of quality requires the participation of all the 
members of an organisation, as defi ned in the 
rules of the International Standards Organisation’s 
(ISO) standard ISO 9000. As the organisation 
implementing a quality management process can 
be held legally responsible, it is therefore impor-
tant to chart an outline of the hierarchic and 
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organisational structure of the laboratory. The 
managerial and technical personnel of the organ-
isation must have the authority and resources 
needed to carry out their duties correctly. Job 
descriptions have to be updated regularly to clar-
ify and reinforce the staff’s duties and responsi-
bilities within the laboratory, and documented 
training procedures have to be in place. A molec-
ular genetic laboratory produces a lot of test data, 
and the scientist or technician performing the test 
is often the fi rst person to interpret the results. It 
is common practice in many laboratories that the 
results and their interpretation are authorised by a 
second suitably qualifi ed person, independent 
from the scientist or technician performing the 
test. A fully interpretative report on the results is 
normally forwarded to the referring clinician by 
the scientifi c staff. The workload of such labora-
tory is gradually increasing in line with new 
advances in technologies and research, and con-
sequently, there is a continual need for additional 
extra well-trained personnel. Laboratory man-
agement also needs to ensure that there are clear 
criteria defi ning who is able to perform the sec-
ond independent check of data. To ensure that the 
quality management system is implemented and 
adhered to, laboratory management should 
appoint a laboratory quality manager with a 
defi ned role and responsibilities and the authority 
to implement them. 

 Second, standards are an important part of 
quality management. The process by which a lab-
oratory gains recognition from an external agency 
that its activities and products have a guaranteed 
high quality and meet the set standards is accredi-
tation. Accreditation involves an external audit 
of the ability of the laboratory to provide a ser-
vice of high quality. By declaring a defi ned standard 
of practice and having this  independently confi rmed, 
accredited laboratories attain a hallmark of per-
formance and offer reassurance to users of their 
service. Over the world   , there is a growing trend 
towards complying with the international stan-
dards ISO 15189 for medical laboratories and ISO 
17025 for testing and calibration laboratories. In 
parallel to quality management, those standards 
stress technical expertise in the process. Any 
method needs to have a validation process before 

any implementation. Performance needs the 
use of internal and external quality controls. All 
 people involved in the process have to be empow-
ered regularly. The molecular genetic test reports 
have to be “fi t for purpose” and responsive to the 
needs of the user (http://  www.eurogentest.org/
laboratories/    ). 

 In daily practice, it is of most importance to 
guarantee reproducibility (same method on iden-
tical sample materials under different circum-
stances, i.e. technician, equipment, time) and 
repeatability (same method on identical sample 
materials under the same circumstances) of 
results. Three lines of controls have to be set up 
to secure these goals. 

  The fi rst line controls:  To daily validate assays. 
PCR blanks (no DNA template added to the PCR 
reaction) to check for contaminations, size mark-
ers to check for correct length of the PCR prod-
ucts, visual checks (e.g. equal reaction volumes 
in 96 well plates) and normal controls (DNA 
samples with no mutation in the genes being 
tested) to check the quality of the method. 
Repeated testing of positive control samples 
(DNA samples with a known mutation in the 
gene being tested). Reference material is an issue 
in molecular testing in cancer. 

 In order to demonstrate the effi cacy of the test, 
laboratories should, where possible, include at 
least one positive control for every region scanned. 
However, laboratories cannot be expected to have 
positive control samples for every region scanned. 
Now, collection of mutated biological samples 
and banking of corresponding lymphoblastoid 
cell lines have been set up by European agencies, 
which provide relevant DNAs to the medical lab-
oratories for their quality controls. 

  The second line controls:  To validate the internal 
coherence of the results. Analysis of two DNA 
extracts from the same blood sample isolated in 
two separate rounds (this is a check of the repro-
ducibility of the DNA isolation method and on 
sample swaps). In predisposition, the coherence 
can also be checked with clinical information as 
correct segregation of haplotypes in a family. 
In molecular pathology, some co- occurrences are 
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very rare as BRAF and KRAS activating muta-
tions in colorectal cancer or EGFR and KRAS 
activating mutations in lung cancer. All this 
information is important to consider in a daily 
practice as they warrant the coherence of the 
results. 

 The use of these two line controls may vary 
depending on the reason of referral. For example, 
mutation analysis in a family with a known muta-
tion should always include a positive and a nor-
mal control. The approach used to detect the 
mutation should be a direct technique such as 
sequence analysis or mutation-specifi c PCR. 
However, several choices are possible for requests 
for mutation analysis in a family with an as yet 
undetermined mutation, so-called mutation- 
scanning analysis. Whole gene scans are prefer-
ably done in large batches with many samples. 
For gene scans using direct sequencing in genes 
without mutational hotspots, a minimum of two 
samples in a scanning series will suffi ce to obtain 
a normal pattern enabling the detection of a vari-
ant pattern. There is therefore no need for a sepa-
rate normal control sample that reduces the costs 
of testing. 

  The third line controls:  Laboratories can check 
the performance and spread of their results, qual-
ity controls and procedures by participating in 
organised external quality assessment (EQA) 
schemes for molecular genetics. Examples of 
such schemes include those organised by the 
European Molecular Genetics Quality Network 
(EMQN) and the United Kingdom National 
External Quality Assessment Scheme 
(UKNEQAS) for molecular cancer genetics or 
other national organisms    in Italy and France. The 
performance of the laboratory is assessed on the 
basis of its ability to correctly genotype DNA 
samples in the context of a mock clinical ques-
tion and to give a full interpretation of the test 
results. EQA schemes also assess the clerical 
accuracy of reports. Assessment of the results of 
EQA schemes is often guided by best practice 
guidelines that are a consensus statement by the 
diagnostic molecular genetics community on the 
best approaches to take in the molecular diagno-
sis of a disease [ 7 ,  8 ]. 

 In summary, the implementation of a quality 
management system in a laboratory is a time of 
major disruption and can have a signifi cant 
impact on the job of the referring clinicians, i.e. 
the pre-analytical steps. For example, the criteria 
for accepting a blood sample are often narrowed, 
and laboratories tend to stick more consistently 
to these criteria. The implementation of a quality 
system is often the beginning of a stricter, more 
formal sample acceptance policy. The referring 
clinician will be asked to fi ll out the forms com-
pletely and label sample tubes correctly. Best 
practice guidelines for laboratory internal quality 
control have been produced by the EMQN 
(http://  www.emqn.org/emqn/Best+Practice    ). 
Incomplete forms and incorrectly labelled tubes 
often result in a sample not being accepted for 
testing.  

    Cancer Genetics: Germ Line 
Variations in Cancer 

 Hereditary predispositions to cancer are genetic 
prone diseases that highly increase the risk of 
individuals that bear germ line mutations for 
developing various types of cancers. Specifi c 
syndromes are defi ned on the basis of tumours 
spectra, but phenotypes often remain complex 
to recognise at the clinical level. As an exam-
ple, BRCA1/2 mutation carriers are at high risk 
for breast and ovarian adenocarcinomas but 
also pancreas, prostate and at lower level 
colorectal cancers. Lynch syndrome is mainly 
characterised by colorectal and endometrial 
adenocarcinomas, but the tumour spectrum is 
much larger, including cancers from stomach, 
ovary, biliary tract, urinary tract and small 
intestine. Glioblastoma (i.e. Turcot syndrome) 
or skin cancers (i.e. Muir- Torre syndrome) are 
also part of Lynch syndrome. Pancreatic cancer 
increased risk is still debated. A common trait 
of these cancer predispositions is however an 
early-age at cancer development compared with 
general population. 

 As people carrying a mutation are often 
asymptomatic at time of genetic diagnosis, i.e. 
ask for predictive diagnosis, they thus enter 
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 specifi c and sometimes complex surveillance 
programmes. These consensus programmes 
guarantee the detection of tumours at early stages 
allowing to cure them in almost all cases. They 
have to be started at an early age, usually between 
20 and 30 years depending on the mutated gene, 
sometimes in the childhood, and then have to be 
maintained the entire life. People not carrying the 
mutation segregating in their family are not at 
increased risk for cancer and do not enter specifi c 
surveillance protocols. Unclear or misinformed 
laboratory reports have major clinical implica-
tions since the presence or absence of a patho-
genic mutation is often instrumental to decisions 
made about patient management. It is thus of 
most importance    to characterise rigorously all 
genomic variations found during screening pro-
cedures of index cases to identify exactly that 
responsible for the predisposing disease. 

 External quality assessment is yearly provided 
for all frequent and several rare cancer predispo-
sitions by accredited organisms like EMQN or 
UKNEQAS since more than 10 years. We experi-
enced laboratory performances in some diseases 
including Lynch syndrome, one of the most fre-
quent cancer predispositions [ 9 ]. Since the fi rst 
pilot scheme in 2003, annual EQAs have enabled 
the identifi cation of the most frequent diffi culties 
encountered by the participating labs, addressing 
disease-/gene-specifi c points to improve the stan-
dard of testing strategies. Globally, the perfor-
mance of laboratories increased each year as well 
as the number of participants, and a high techni-
cal standard of genotyping has been reached with 
the decreasing use of home-made reagents and 
manual procedures. This result is very encourag-
ing for labs, which aim to become referent with 
long-term agreements. The feedback to the labs 
integrated the genotyping assessment and key- 
points to get the quality of the reports themselves 
better. For example in 2009, two separate reports 
were requested in one of the mock clinical 
 questions—one for the index case (confi rmation 
of the screening analysis) and one for a predictive 
test: 11 labs did not re-analyse the index case and 
16 labs mixed the information from both cases in 
a single report, i.e. 25 % of the participants failed 

to write a reliable report. Best practice guidelines 
on reporting are available which give clear guid-
ance on the appropriate reporting procedures 
(  http://www.sgmg.ch/view_page_professional.
php?view=page&page_id=19    ). Specifi cally to 
the cancer predisposition studied, the conclusion 
should have restated the genetic status in the clin-
ical context with discussion on the patient’s main 
risks (related cancers, mode of inheritance) and 
the suitable prospective analyses when needed. 
At the end of the report, the reader should be con-
vinced of the biological consequences of the 
genotype. In the 2008 scheme, 80 % of partici-
pants provided consistent information since no 
case referred to missense variants. In contrast, the 
2005 and 2009 schemes included such a situa-
tion, and only 25 % of them reached the maxi-
mum score. This observation points out the 
diffi culty linked to the interpretation of missense 
mutations itself rather than the lack of experience 
in quality controls. In complex diseases 
approached through the EMQN schemes, results 
emphasise that it is very important to have good 
background knowledge of the genes being tested 
to guarantee the reliability of genetic testing as 
part of the medical evaluation, especially as rele-
vant and validated information is now available 
on free access international and national muta-
tion databases.  

    Molecular Pathology: Somatic 
Variations in Cancer 

 The requirements for the reliability of molecu-
lar pathology are high since the results, which 
generally extend beyond histologically recogni-
sable subtypes, are used to determine the eligi-
bility of a patient for treatment using a specifi c 
class of drug and unreliable results might lead to 
over- or undertreatment of patients. Since these 
drugs are expensive, the availability of reliable 
tests will also signifi cantly improve the cost-
effectiveness of these new treatment modalities. 
In view of their widespread use in clinical practice, 
molecular tests need to be both accurate and 
readily available. Contrary to the USA, where 
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in vitro diagnostic (IVD) product regulation has 
been developed and directly related to drugs, in 
Europe no regulatory framework exists on 
which assay(s) is eligible as drug response 
marker: personalised drugs are related to a bio-
marker in Europe, whereas in the USA, they are 
related to a specifi c in vitro diagnostic product   . 
However, as molecular testing allows getting a 
unique result using several different technical 
approaches, which under appropriate laboratory 
and expertise conditions might provide reliable 
results. However, the equivalence of the results 
can be only established through inter-laboratory 
comparison. To attain this goal, EQA pro-
grammes are essential. 

 The large majority of molecular tests in 
pathology are performed on formalin-fi xed, 
paraffi n- embedded tumour tissue. Considering 
the diversity and heterogeneity of tumour tissue, 
pathology review and assessment of section qual-
ity is mandatory. For instance, due to the limita-
tions of most routinely utilised techniques, it is 
important to determine the percentage of neo-
plastic cell content in the material to be analysed. 

The molecular test itself then includes DNA 
extraction, validation of the methods used for the 
test and accuracy of the result. Finally, reporting 
has to refl ect the reliability of all different aspects: 
identifi cation of the sample analysed, informa-
tion on the type of assay used, adequacy of the 
sample relative to the underlying request and the 
test used, and accurate assessment of the clinical 
implications of the result. 

 The best practice is to assess the pathology 
review, the molecular analysis as well as report-
ing of the results, suggesting that reports should 
be divided into separate sections [ 10 ]. 

 The “pre-analytical” phase includes examina-
tion of the sample by a pathologist, assessment of 
the adequacy of the test sample, evaluation of the 
percentage of neoplastic cells and whether or not 
the sample needs to be dissected (Fig.  25.1 ). This 
evaluation will have an impact on the perfor-
mance of the method. This phase can also include 
other parameters related to the histological 
 evaluation of the sample. However, quality assur-
ance of pathological diagnosis of the specimens 
does not fall within this scope.

  Fig. 25.1    Histological control of a tumour sample. 
Before tumour DNA analysis, selection of the most 
accurate part of the sample is performed by the patholo-
gist on a coloured slide, and the proportion of neoplastic 
cells is indicated for the selected region and the entire 

slide. In case of very small fragments, it is possible to 
use them without dissection when tumour cell com-
pound is over 50 %. Dissection can be done by biopsies 
directly on the paraffi n-embedded block as shown at the 
bottom of the fi gure       
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   The “analytical” phase corresponds to DNA 
isolation and genotyping. Genotyping is the core of 
most currently practised tests in molecular genetics 
(Fig.  25.2 ). There is no specifi city for molecular 

pathology towards any genetic testing. Some real-
time PCR-based methods do not distinguish 
between different mutations in the same codon. 
Likewise, for some commercially available kits, the 

  Fig. 25.2    Characterisation of the MMR function in 
tumour cells by genotyping. A multiplex PCR is per-
formed using the MSI Analysis System v1.2 (Promega, 
Charbonnières, France). The fi ve loci are unambiguously 
detected after electrophoresis as shown on the normal pro-
fi le presented on the top. Below, abnormal PCR products 
are observed at all fi ve loci, indicating a tumour DNA of 
MSI genotype. The result is easy to obtain, but, depending 

on the indication of the analysis, the conclusion might be 
completely different: in a context of locally advanced 
colorectal cancer with bad- prognosis factors, the decision 
of 5-FU-based adjuvant treatment depends on the MMR 
function of cancer cells. In a context of early-onset 
colorectal cancer or family history suggesting a Lynch 
syndrome, this analysis is helpful to manage further germ 
line analyses       
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validation studies limit the result to whether a 
sample is mutant or not. Such methods are not to be 
preferred as only the genotype will certify the full 
quality of the process and avoid any false positive. 
Nevertheless, some screening approaches are not 
able to detect some mutations as the p.Val600Lys 
in the BRAF gene, for example.

   The “post-analytical” phase includes interpre-
tation and reporting of the results of the analysis, 
replaced in its clinical context. As the report will 
be sent to the clinicians and participate directly to 
the decision process, it is highly important to 
have standardisation and minimum items to be 
easily interpreted. This report is also the external 
refl ect of the quality in a laboratory. Finally, 
interpretation becomes a major point with the 
increase of data produced per tumour sample. 
Databases and guidelines are very useful to help 
the biologist to explain the impact of variants, 
specifi cally outside the well-known hotspots.  

    Further Developments 

 In a clinical setting, next-generation sequencing 
(NGS) approaches for the enrichment and re- 
sequencing of DNA targets will progressively 
replace the current molecular techniques in 
oncology. In cancer predispositions, the NGS 
workfl ow targeted on BRCA1/2 genes for muta-
tion detection was recently evaluated and has 
been reported as accurate and easy to incorporate 
into conventional workfl ow [ 11 ,  12 ]. If dedicated 
NGS projects might have similar performance in 
routine testing, the implementation of multi- 
targets will change the way for integrating and 
handling the results. In tumour analysis, despite 
the complexity revealed by a detailed analysis of 
many tumours, sequencing seems to fi nd its place 
today. Set up a list of all the alterations present in 
the DNA of a tumour cell is an interesting way 
for research laboratories, but focus on a set of 
100–200 genes whose involvement in the process 
of oncogenesis is known and for which a specifi c 
therapy is already effective (or will likely be) will 
play an important role in clinical practice. 
Contrary to targeted testing, this approach is 
interesting because it does not require the use of 

specialised panels for each tumour type. Two 
tests are currently being validated that examine 
176 and 128 genes, respectively [ 13 ,  14 ]. 
Sequencing can be done either on a high-end 
machine (Illumina HiSeq) by multiplexing the 
samples or, in urgent cases, on new clinical sys-
tems (Ion Torrent from Life Technologies or 
MiSeq from Illumina   ) that produce results faster, 
but at a higher cost. The pilot study results are 
encouraging, with a response time of less than 1 
month, the frequent detection of mutations 
already known and the possibility to offer tar-
geted therapy in all cases. Things are quite 
advanced, and indeed in the UK, the National 
Health Service has launched an appeal for such 
tests, with a maximum cost of 350 euros each. 
For those applications that are already part of the 
clinical management, laboratories have to follow 
identical standard rules for molecular testing, 
from DNA extraction to reporting. Quality man-
agement of those new techniques has no speci-
fi city. The use of internal controls will help to 
correctly follow any change in the process and 
the potential impact for the result. In the external 
quality assessment, one is just shifting from 
locus-specifi c EQA to genome- specifi c EQA. 
Three important aspects have to be mentioned at 
this stage: the quality criteria to be met by a 
sequence for clinical use, the question of the 
interpretation of the sequence and, fi nally, the 
ethical issues about informed consent in this 
context.  

    Conclusions 

 In summary, molecular testing of cancer needs to 
implement several quality controls in the testing 
process. EQA has demonstrated to be one of the 
major tools to alert laboratories to problems and 
shortcomings and, in time, will improve labora-
tory services, in general. Regular participation in 
EQA will help labs in achieving and maintaining 
profi cient testing. In addition, the issue is to pro-
duce a certifi ed reference material for internal 
and external quality follow-up. The shortcoming 
challenge will be the implementation in a routine 
process of the NextGen sequencing technology. 
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The quality management of a new technique 
should be hindered by those new approaches but 
implies a specifi c issue. For this purpose, a 
scheme is proposed in collaboration between 
EMQN and the UKNEQAS for molecular genet-
ics. The scheme will be platform-independent 
and designed so that labs can “plug in” the EQA 
sample to their normal lab testing process with-
out too much additional work.     
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