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Preface

Molecular pathology is a rapidly evolving scientific discipline that encompasses the 
development of molecular and genetic approaches to the diagnosis, classification, 
monitoring, and risk assessment of human diseases. At the core of this discipline is 
the application of classical, novel, and cutting-edge technologies, developed in bio-
chemistry, cell biology, molecular biology, proteomics, genetics, and bioinformat-
ics, to the evaluation of pathologic processes. With the advent of high-throughput 
technology in recent years, the evolution of the field has gained such momentum, 
where it is difficult for the general pathologist, the clinician in practice, or young 
physicians in training to keep up with even the most basic concepts. While the infor-
mation is readily available through various sources, it is extensive and is often dif-
ficult to find a central location with the “nuts and bolts” for quick reference.

As molecular fellows, we both looked for the ideal high-yield reference book 
that would compile critical information related to molecular biomarkers for various 
solid tumor and hematologic malignancy subspecialties. We hoped for a book to be 
succinct yet comprehensive enough to be suitable for fellows in training and medi-
cal professionals with an interest in molecular pathology and biomarkers. Several 
years passed and many comprehensive books have been published, yet there was 
still a gap for a quick reference resource. In this first edition of Genomic Medicine: 
A Practical Guide, we aimed to fill this gap and have brought together experts from 
various areas of molecular diagnostics with the same vision. The book covers many 
aspects of molecular diagnostics, from techniques to applications and comprehen-
sive summaries of the molecular biomarkers of critical importance in solid and liq-
uid tumors. Attention was also specifically devoted to bioinformatics and 
next-generation sequencing, as well as preanalytical issues related to molecular 
diagnostics which are commonly not extensively addressed in the literature.

In the first edition of this book, we concentrated on some of the key solid tumor 
and hematologic malignancies for which we felt consolidation of information would 
be most critical. A number of important organ systems such as central nervous sys-
tem tumors and cutaneous and some head and neck malignancies were not captured 
in this edition but will be included, along with others in a future planned edition. We 
also welcome our readers’ feedback for other important topics to be covered.
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 Introduction

Molecular diagnostic tests have become routine in daily practice, and the landscape 
of analytical platforms is continuously evolving in the era of personalized medicine. 
An important aspect of molecular diagnostic tests is that the quality of biomarker 
information provided by these tests is dependent not solely on the analytical plat-
form utilized but also on the quality of specimens used and the strict adherence to 
validated protocols. As such, all healthcare professionals need to familiarize them-
selves with pre-analytic variables that affect tissue for downstream testing, basic 
details of the platforms used to evaluate for these abnormalities, and limitations for 
each platform in order to effectively use and understand the provided results.

In this chapter, we will summarize the most common pre-analytic variables 
affecting samples and some of the most commonly used molecular testing technolo-
gies with their limitations.

 Pre-analytic Variables in Surgical Pathology

Consideration of pre-analytic variables, including specimen handling, is a crucial 
requirement for ensuring accurate results of molecular diagnostic testing. The follow-
ing pre-analytic variables impact subsequent molecular testing of tissue specimens: 
collection of the specimen, time to fixation (cold ischemia time), fixative type, duration 
of fixation, postfixation treatments, water quality, digestion, tissue processing time, 
macrodissection, section thickness, and the need for additional ancillary tests (e.g., 

Key Points
• Molecular techniques are evolving rapidly.
• Pre-analytical variables can affect the results of an assay.
• Molecular methods can be divided in three broad categories: (1) methods 

used to detect chromosomal abnormalities, (2) methods used to detect 
changes in the DNA/RNA sequence, and (3) gene expression profiling.

• Clinicians should familiarize themselves in the different techniques in 
order to choose the best test to detect the genetic abnormality in question.

Key Online Resources
• My Cancer Genome [1]: https://www.mycancergenome.org/
• AMP Education Resources [2]: https://www.amp.org/education/

education-resources/

A. L. Contreras et al.

https://www.mycancergenome.org/
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immunohistochemistry). In general, nucleic acids from blood or bone marrow aspirate 
samples are of good quality; however, the appropriate anticoagulants must be used.

 Prefixation

Time to fixation (cold ischemia time) is generally defined as the time from tissue 
removal to initiation of fixation. It should be recognized, however, that hypoxia, isch-
emia, metabolic stress, and tissue degradation start as soon as the first major vessel is 
ligated in surgery and not when the sample is removed. Embolization procedures prior 
to surgery, which often happened up to 2–3  days before surgery, can have major 
effects on tissue quality as well. High temperatures in the operating room can also 
speed up the autolysis process. Many of these factors are not within the control of the 
laboratory since the operating room staff are tasked with the immediate care of the 
sample. Proper communication and the establishment of interdisciplinary protocols 
for tissue handling are important, which take into consideration the type of testing that 
is to be performed downstream. While established guidelines do not exist for most 
uses at this time, tissue-handling requirements must be standardized at an institutional 
level and tracked on every specimen. It is generally recommended for the cold isch-
emia time to be less than an hour. Ideally, the surgical pathology request form should 
contain the information by allocating a “Time Specimen Out” and “Time Specimen 
Fixed” line on the forms for quality control purposes. For samples that are going to be 
delayed in the operating room, incubating in ice is recommended to preserve RNA.

Based on published literature, the effect of delay to tissue preservation will 
depend on the type of test to be performed and the target. For instance, DNA 
extracted from FFPE tissue that was subjected to a cold ischemia time of 1 hour 
displayed reduced fluorescence in situ hybridization (FISH) signals  [3], while a 
cold ischemia time of 24 hours did not alter PCR amplification success rate [4].

It is believed that a prolonged time prior to fixation results in a time-dependent, 
autolysis-induced RNA degradation that starts early upon surgical removal of tissue 
[5]. RNA integrity numbers (RIN) were comparable between FFPE specimens sub-
jected to a cold ischemia time of 0 and 2 hours, and a cold ischemia time of 0 hours 
versus 12 hours also did not lead to a difference in the relative expression of six 
transcripts [6, 7]. For immunohistochemical analysis, cold ischemia time of less 
than 12 hours is recommended to avoid negative effects [3].

The size of the biospecimen before fixation also plays a role in the PCR success 
rate. DNA extracted from tissue ranging from 3 to 10 mm in diameter has the high-
est success rate, as opposed to smaller specimens or larger specimens (encountered 
a higher background) [8].

In summary, the generally accepted cold ischemia time is less than 60 minutes. 
Unfixed specimens are best sent to the laboratory as soon as possible. The time 
points of collection and fixation should be established by the individual institution 

1 Pre-analytics, Current Testing Technologies, and Limitations of Testing
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depending on the projected downstream use of the sample and should be available 
for all personnel and clearly stated in laboratory records [9].

 Fixation

Most diagnostic laboratories utilize 10% neutral buffered formalin for routine fixa-
tion and have validated tests from FFPE samples. The traditional formalin fixation 
process causes cross-linking of proteins, leading to shorter DNA fragments, and 
also random cytosine deamination. These limitations are mitigated by designing 
assays with shorter amplicon sizes and more robust assay protocols.

Different types of fixation used, temperature of fixation, and fixative delivery 
method affect downstream DNA analysis. DNA from neutral buffered formalin (NBF), 
as compared to unbuffered formalin, has greater DNA yields and better success rate in 
PCR, in situ hybridization (ISH), and genotype determination [10–15]. IHC staining is 
also optimal when fixed in a buffered 10–15% [16, 17] formalin solution with a neutral 
pH [18, 19]. Currently, 10% neutral buffered formalin (NBF) is the best and most 
broadly used and studied fixative. If an alternative fixative is considered, it must be 
validated against results for the same specimens fixed in 10% NBF. The laboratory 
director is responsible for the test performance using an alternative fixative. Other fixa-
tives previously used before the molecular diagnostics era, including Zenker’s, 
Bouin’s, and B-5, have been shown to be harmful for downstream PCR testing [4].

Duration of fixation and its effects on ISH performance have been extensively 
studied, and the consensus is that excisional specimens should be fixed in 10% NBF 
for 6–72 hours, and this information should be documented in the pathology report. 
Fixation time of less than 72 hours in formalin is preferable for DNA integrity and 
yield, PCR, ISH, and single-nucleotide polymorphism detection assay performance 
[4, 10, 12, 20]. Amplification success after prolonged fixation was reportedly influ-
enced by the target sequence, amplicon length, and tissue type [15]. Fixation at 
elevated temperatures (37 °C) has shown reductions in DNA yield and integrity and 
PCR success [21, 22], while fixation at 4  °C increased yield of high-molecular- 
weight DNA and PCR success [23].

Microwave-accelerated or ultrasound-accelerated fixation improves the yield of 
high-molecular-weight (HMW) DNA and PCR success from FFPE tissue [24–28]. 
Ultrasound-accelerated fixation also results in a more intense and uniform ISH 
staining and yielded longer amplicons and higher levels of amplifiable RNA as 
compared to conventional immersion fixation  [27, 28].

For postfixation pretreatments in in situ hybridization (ISH) analysis, tissue pro-
cessing time and digestion also impact the quality and interpretation. Different 
digestion enzymes may result in variable signal strengths as well. The ISH product 
might benefit from longer tissue processing times. The type of slides used (silanized 
versus positively charged) also affect adherence of tissues. Even water quality 
impacts the outcome. The use of highly purified water is recommended.

A. L. Contreras et al.
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The generally accepted guidelines for fixation recommend 6–72 hours of fixation 
at 10% neutral buffered formalin. The laboratory records should document the date 
and time of fixation ideally within the pathology reports [9].

 Decalcification

Decalcification methods may have marked adverse effects on nucleic acid analysis. 
Commonly used methods use acid-based decalcifiers, such as formic acid, hydro-
chloric acid, or nitric acid. Effects vary based on the concentration used and the 
length of tissue contact with the decalcifier. When different concentrations of formic 
acid are compared, decalcification with 5% formic acid for 12–18 hours produced 
FISH signals, while decalcification in a 10% formic acid solution for 7–10 days 
abolished the signal [29]. Decalcification with formic acid generally renders nucleic 
acid unsuitable for downstream testing by PCR methods in the majority of cases.

Recently, studies have shown that decalcification using ethylene diamine tetra 
acetic acid (EDTA) as opposed to acid methods is a better alternative. It allows 
amplification of longer PCR products [30], reduces background staining, provides 
stronger FISH signals [31–33], and provides superior determination of loss and gain 
of sequences for comparative genomic hybridization [31].

 Processing and Storage

There are no studies showing the potential effects of dehydration, clearing, paraffin 
reagents, and embedding parameters in DNA and RNA yield.

Long-term storage of paraffin blocks has effects on DNA analysis, mostly in the 
length of amplifiable DNA. One study showed storage of FFPE sections for more 
than 10 years before DNA extraction and analysis was detrimental to PCR success 
rates; however, shorter durations have not been investigated [14].

Storage of 2–20 years leads to reduced RNA integrity as determined by RNA 
integrity number (RIN), as compared to those stored for 1 year or less [4, 20, 34, 
35]. Humidity and temperature of the storage facility also plays a role in preserving 
(or degrading) the nucleic acid integrity.

 Tissue Stewardship

A constant pre-analytic variable across all molecular testing technologies for solid 
tumor malignancies is tumor cellularity or the amount of viable tumor nuclei in the 
sample relative to the non-tumoral nucleated cells. A corresponding H&E slide 

1 Pre-analytics, Current Testing Technologies, and Limitations of Testing
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should be evaluated by a pathologist to identify the area(s) on the slides for testing 
and to quantify the amount of tumor in the selected areas. The choice of testing 
platform may be considered depending on the available sample and in cases wherein 
a repeat biopsy is not feasible. This limitation can be overcome by tumor enrich-
ment or microdissection. For example, a cell block sample that contains less than 
10% is not ideal for a Sanger sequencing assay that requires at least 30–50% tumor. 
Manual macrodissection or laser capture microdissection may enrich for tumor in 
these cases. More sensitive test methods may be utilized, such as droplet digital 
PCR or real-time PCR.  These assays have greater analytic sensitivity (0.1% for 
ddPCR, 1% for rt-PCR), but are usually targeted mutational assays, frequently 
designed to cover only the most common mutations. It should be recognized, how-
ever, that the process of formalin fixation induces DNA damage that leads to low- 
level mutation detection. Highly sensitive assays may therefore lead to false positive 
results in such cases. The level of this DNA damage and risk for false positive 
results should be established at the time of validation of each high-sensitivity assay.

The amount of DNA yield from surgical pathology FFPE tissues to meet test 
requirements has been demonstrated to require at least nine square millimeters to 
produce 1ug of DNA in 99% of cases. This amount of DNA is deemed sufficient to 
meet most multigene assays [36]. It is up to each laboratory to validate the FFPE 
tissue requirements and DNA yields for each assay as part of the validation as these 
can be highly variable from assay to assay, laboratory to laboratory, and specimen 
type. Most laboratories will accept unstained slides for testing. The number of sec-
tions/slides and the tumor cellularity requirements will vary depending on the assay.

 RNA Pre-analytic Considerations

RNA from formalin-fixed paraffin-embedded (FFPE) tissues is now commonly 
used in clinical practice. And, similar to DNA, pre-analytic variables that can influ-
ence RNA quality include the time to fixation, fixation time, tissue storage time, 
tumor cell content, and tumor percentage [37–39]. RNA analysis is commonly uti-
lized for gene fusion detection and also gene expression profiling via reverse- 
transcriptase PCR (RT-PCR).

 Pre-analytics of Circulating Tumor DNA or Cell-Free DNA

Liquid biopsy, especially plasma, obtained through a simple blood draw, has recently 
emerged as an alternative to surgical biopsy using blood samples of cancer patients 
for the detection of genetic alterations in plasma (cell-free) circulating tumor DNA 
(ctDNA) [40]. In cancer patients, plasma cfDNA is a combination of cell-free DNA 

A. L. Contreras et al.
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from normal cells and ctDNA. The levels of ctDNA can be highly variable and cor-
relates with tumor size, degree of tumor invasion, disease stage, survival, and dis-
ease progression [41]. The cfDNA is usually fragmented to an average length of 
140–170 bp and is present in limited quantities in the peripheral blood [42, 43].

Variability in blood collection affects the recovery of cfDNA. Peripheral blood 
collection tubes with cell stabilization agents that prevent cell lysis for several days 
are now commercially available, and several studies show the stability of cfDNA 
when the tubes remain at room temperature. Mehrotra et al., for example, shows that 
the yields of cfDNA in plasma from PB collected in Streck and K3-EDTA tubes 
were comparable when separated between 2 and 16  hours [40]. Plasma cfDNA 
integrity showed higher levels of larger fragments in the cfDNA from K3-EDTA 
tubes than in the cfDNA from Streck tubes [40]. In another study, blood sampled in 
Streck tubes, PAXgene® tubes (Qiagen), and cfDNA collection tubes from Roche 
GmbH (formerly from Ariosa) remained without noticeable contamination by high- 
molecular- weight DNA after 1 week at 22 °C [44]. Qualitative analysis of cfDNA 
from different blood collection tubes showed an average cfDNA fragment size of 
100–120 bp at 2, 4, and 16 hours, with no HMW DNA [40].

Pre-analytical K2EDTA blood storage before cfDNA extraction in different con-
ditions (room temperature for 4 hours, room temperature for 24 hours, and 4 °C for 
24  hours) did not show significant difference in cfDNA concentrations [45]. 
However, a noticeable contamination by high-molecular-weight DNA, most likely 
originating from leukocyte lysis, is apparent by 24 hours [44]. Exposure to high 
temperatures, 39 °C for 5 hours and then 22 °C for another 19 hours, leads to high–
molecular-weight DNA contamination in EDTA tubes, but not in the Streck tubes, 
PAXgene® tubes, and Roche tubes [45]. The mean concentration of cfDNA also 
increased proportionally in 3 ml compared to 1 ml plasma samples and in 5 ml com-
pared to 3 ml samples by 2.9-fold and 3.44-fold [45].

 Landscape of Current Testing Technologies

As a general rule, molecular methods can be divided in three broad categories: (1) 
methods used to detect large chromosomal or structural abnormalities; (2) methods 
used to detect small changes in the DNA sequence, including single-nucleotide 
changes, indels; and (3) gene expression profiling. Currently, several approaches and 
methodologies exist to detect each of the different types of alterations described 
above (Table 1.1). The choice of which approach to use is dependent on multiple fac-
tors including which type of alteration is being sought, medical necessity (diagnostic, 
prognostic, predictive), and tissue available for testing. The complexity of these tests 
can range from simple (interrogating a single variant) to very complex (multiplexed 
assays and NGS) depending on the need. In addition, each of these methods comes 
with strengths and limitations which are important to consider when choosing a test.

1 Pre-analytics, Current Testing Technologies, and Limitations of Testing
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 Tests to Detect Chromosomal Abnormalities

Chromosomal abnormalities include structural variants (SV) and changes in the 
number of chromosomes or copy number variations (CNV). SV are large structural 
changes and include rearrangements within or between different chromosomes and 

Table 1.1 Abnormalities detected by method

Method SNV

Small 
duplications, 
insertions, or 
deletions

Large 
deletions

Copy 
number 
changes

Structural 
variants

Limits of 
detection

Turnaround 
timea

Karyotyping − − + + + Low, 
depends on 
cell growth

Weeks

FISH − − + + + Up to 0.5% 
depending 
on 
preparation

2–3 days

RT-PCR + +/− − − −/+b Below 1% 1–2 days

Fragment 
analysis and 
RFLP

+/− + − − − ~5% 1–2 days

dPCR + +/− − +/− −/+b Below 1% 1–2 days

MLPA + − + + −/+b ~25% 2–3 days

aCGH − − + + − ~25% 2–3 days

Allele-specific 
PCR

+ +/− − − −/+b 1–5% 1–2 days

Sanger 
sequencing with 
capillary 
electrophoresis

+ + − − + ~25% 3–5 days

Pyrosequencing + + − − − ~5% 2–3 days

Melting curve 
analysis

+ + − − − 10–20% 2–3 days

NGS-amplicon 
capture

+ + + − + 5–10% 5–10 days

NGS- 
hybridization 
capture

+ + + + + 2–5% 5–10 days

NGS-exon 
sequencing

+ + + + −/+c 10% 5–10 days

NGS-whole 
genome 
sequencing

+ + + + + Depends on 
assay 
design

Weeks

RFLP restriction fragment length polymorphism
aIn some laboratories, short turnaround times are not feasible due to specimen batching or fixed 
day runs
bWill detect specific rearrangements
cWith difficulty, depending on the assay design

A. L. Contreras et al.
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inversions. The most common tests used to detect structural and numerical abnor-
malities include karyotyping (G-banding being the most common), fluorescence in 
situ hybridization (FISH), reverse transcription polymerase chain reaction 
(RT-PCR), array comparative genomic hybridization (aCGH), multiplex ligation- 
dependent probe amplification (MLPA), and next-generation sequencing (NGS). An 
overview of testing modalities used to detect chromosomal abnormalities is pro-
vided in Table 1.2. Even though all these tests are designed to detect SV or CNV, 

Table 1.2 Tests to evaluate chromosomal abnormalities

Assay Applications Will not detect Limitations Sensitivity

Conventional 
karyotype 
(G-banding) 
[46]

Detect numerical 
and structural 
abnormalities

Small (cryptic) 
rearrangements; 
small insertions, 
deletions, or 
indels; SNV

Requires fresh tissue; 
long, turnaround time, 
low resolution; tumor 
cells might not grow in 
culture; necessitates 
high skills and 
experience in 
interpretation; difficult 
to detect complex 
rearrangements; might 
not detect cryptic 
translocations

Low, 
dependent on 
which cells 
grow

FISH [46, 47] Detect 
rearrangements, 
large deletions and 
copy number 
variations of large 
chromosome 
segments

Small (cryptic) 
rearrangements; 
small insertions, 
deletions, or 
indels; SNV

Can only detect 
rearrangements, 
deletions, or copy 
number variations in the 
specific area of interest; 
insertions, small 
deletions, or inversions 
might not be detected

High, in 
touch 
imprints, and 
cytology 
specimens 
can be as 
high as 0.5%

Reverse 
transcriptase 
PCR [46]

Detect specific 
rearrangements; 
works well in 
formalin-fixed 
paraffin-embedded 
tissue

May not detect 
variants of the 
rearrangement

Can only detect 
rearrangements in a 
specific area. Not well 
suited for 
rearrangements with 
multiple fusion partners 
(e.g., the primer set 
might not cover the 
fusion present)

High, 1% to 
5% when 
quantitative 
PCR is used

aCGH [48] Can detect copy 
number at higher 
resolution

Copy neutral 
changes like 
balanced 
translocations or 
inversions

Requires normal DNA 
for comparison

Low, around 
25%

MLPA [48, 
49]

Can detect copy 
number, 
methylation, and 
point mutations

Copy neutral 
changes like 
balanced 
translocations or 
inversions

Single base pair 
changes can affect 
probe hybridization and 
be interpreted as a 
deletion; requires 
normal DNA for 
comparison

Low, around 
25%
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their design is significantly different, and they may not be used interchangeably and/
or have different requirements for specimen submission.

 Karyotyping (G-Banding)

Karyotyping can be done by several methods, the most common being Giemsa 
banding (G-banding). It is a cytogenetic technique used to visualize the complete 
karyotype by staining condensed chromosomes with the Giemsa stain. It is avail-
able in commercial laboratories and some hospitals. This technique allows visual-
ization of all chromosomes [50] and is capable to detect copy number variants and 
large structural abnormalities [51, 52]. It is considered a low-resolution technique 
and requires prolonged turnaround time (weeks).

This technique suffers from several pre-analytical, technical, and interpretative 
limitations [53]. It requires rapid delivery of the sample to the laboratory because fresh 
tissue is needed to culture living cells. Timely delivery is important, but submission of 
the tissue in suitable culture media helps preserve the cells during delivery when ship-
ping is delayed. During culture, insufficient cells may reach metaphase, yielding 
inconclusive results, or the culture may be overgrown by normal fibroblasts, which 
can lead to false negative results. Also, the cells may fail to grow or grow slowly.

The test is dependent on the availability of experienced interpreters and requires 
high skills. Also, a neoplasm may have numerous complex anomalies making inter-
pretation difficult or mask recurrent rearrangements. Finally, a neoplasm can have 
cryptic rearrangements that cannot be detected by the test.

 Fluorescence In Situ Hybridization

FISH is a molecular cytogenetic technique that uses fluorescence probes to detect 
specific areas in a chromosome. This technique can be performed in interphase (non-
dividing) or metaphase (dividing) cells, in tissues procured fresh, frozen, or formalin-
fixed, paraffin-embedded (FFPE). It can also be used in materials from blood smears, 
touch imprints, and cytology specimens like fine needle aspirations and cytospins, or 
other samples with minimal cellularity. It is considered a targeted approach, medium-
resolution technique and, depending on the laboratory, can have a turnaround time of 
1–3 days. It allows direct visualization of the abnormality in individual cells and 
when interphase cells are prepared from fresh tissue by touch prep or smear can have 
high sensitivity (up to 0.5% depending on how many cells can be visualized).

FISH is commonly used to detect copy numbers for specific chromosomes, 
amplifications, and rearrangements. Two methods to detect rearrangements exist. 
The first method uses break-apart probes, which are probes flanking the gene or 
region of interest. They detect the rearrangement when the fused signal separates 
into a split signal. This approach is frequently used for genes that have recurring 
breakpoints and also rearrange with multiple different partner genes (e.g., EWSR1, 
ALK). The second uses fusion probes. Fusion probes flank two genes or regions of 

A. L. Contreras et al.



13

interest and detect the rearrangement when the separate signals fuse as a conse-
quence of a rearrangement. With this approach, both partner genes are known.

The major limitation of FISH is its targeted approach, since it needs high suspi-
cion for the specific abnormality being tested, and it is not well suited as a screening 
tool. In FFPE tissues, analysis may be limited by loss of nuclear material during 
sectioning (truncation artifact) that may lead to false positive or false negative 
results. For example, the nuclear material might be lost during sectioning, and it 
might falsely detect a deletion. This is mitigated by through validation and establish-
ing cutoff values during the validation. These cutoff values may vary by laboratory.

Crushing, poor, or prolonged fixation time (usually more than 72  hours) and 
decalcification procedures may also affect interpretation and signal intensity. 
Because the probes are large, up to 500 kilobases (kb), it is not well suited to detect 
single-base mutations. Also, nomenclature and reporting may be inconsistent among 
laboratories although the vast majority adhere to standard nomenclature guidelines. 
The last major limitation is signal fading over time that does not allow for rereview 
of the slides after prolonged periods. Therefore, photo documentation is 
recommended.

 Reverse Transcription Polymerase Chain Reaction

Reverse transcription PCR (RT-PCR) is well suited to detect chimeric transcripts as 
a consequence of chromosomal rearrangements [54, 55]. RT-PCR involves the con-
version of RNA to complementary DNA (cDNA) sequences for subsequent testing. 
To detect rearrangements, both genes or one gene partner is needed to detect the 
fusion transcript [56]. This technique can be performed using formalin-fixed 
paraffin- embedded tissue, fresh or previously frozen tissues. It is considered a very 
specific technique, and the turnaround time is usually 1–3 days, similar to FISH.

RT-PCR is a highly sensitive technique that will allow detection of low-level 
disease down to 1% [57]. When performed in conjunction with real-time PCR, it 
can be used for quantitation of minimal residual disease to as low as 0.0001% 
depending on the amount of template used [58].

Because of its specificity, it is not a very good screening tool and requires high 
level of suspicion for a given rearrangement, like FISH. Another caveat for this test is 
that it will only detect one variant fusion, unless it is multiplexed [56]. For genes with 
multiple rearrangement partners or multiple fusion variants, like the ALK or EWSR1 
genes, it is difficult to design primer sets that will cover all possibilities. In these 
instances, it is easier to detect a rearrangement using a break-apart FISH probe or 
NGS technology, such as RNAseq or sequencing in conjunction with anchored PCR.

 Multiplex Ligation-Dependent Probe Amplification

MLPA [59] is a molecular technique that utilizes ligation of specific probes to a 
target DNA sequence. If successful hybridization occurs, the probes are ligated and 

1 Pre-analytics, Current Testing Technologies, and Limitations of Testing



14

then amplified. The assay can be used to detect single-nucleotide polymorphism or 
point mutations, copy number alterations, deletions, and small rearrangements. The 
main limitations of this methodology are that it cannot detect copy neutral loss het-
erozygosity (like uniparental disomy) or balanced rearrangements. It may also have 
problems detecting mosaicism, tumor heterogeneity, or alterations when there is 
excessive contamination with normal cells [60]. In addition, because this technique 
targets specific areas within an exon, point mutations or polymorphisms that hinder 
hybridization of the probe might be falsely interpreted as a deletion. Lastly, this 
technique requires a “normal” DNA for a control. The turnaround time is usually 
2–3 days and the limit of detection is around 10%.

 Array Comparative Genomic Hybridization (aCGH)  
and Single- Nucleotide Polymorphism (SNP) Arrays

Array comparative genomic hybridization (aCGH) is a molecular cytogenetic tech-
nique developed to detect whole genome copy number variations (CNV). It com-
pares the target DNA to a reference sample using fluorescence probes. In order to 
achieve this, the target DNA and the reference DNA are hybridized in a solid sup-
port with immobilized capture probes (the array) [61, 62]. Its main advantages are 
that it does not need fresh tissue; it is a high-resolution technique; it can interrogate 
the whole genome and detect aneuploidies, deletions, duplications, and amplifica-
tions; and it has the added benefit of detecting submicroscopic chromosomal abnor-
malities. Its main disadvantage is the inability to detect chromosomal aberrations 
that do not result in copy number changes (like balanced translocations, inversions, 
or balanced insertions). It can be performed in fresh, frozen, or FFPE tissues. Lastly, 
aCGH has low detection limit (around 20%) and long turnaround time (weeks). 
Some newer arrays are based on single-nucleotide polymorphisms (SNPs) which 
have several added advantages including the ability to detect copy neutral loss of 
heterozygosity which is important in some cancers.

 Methods Used to Detect Changes in the DNA Sequence

Changes in the DNA sequence that commonly cause disease include single- 
nucleotide variants (SNV), small duplications, insertions or deletions, and simulta-
neous insertions and deletions (indels). Numerous methods to detect mutations have 
been developed, and the most common ones used in routine clinical practice include 
polymerase chain reaction (PCR) and variants as the basic form of amplification 
followed by a detection method with or without subsequent sequencing (Table 1.3). 
Following PCR, detection may involve the measuring of the PCR products by size 
(fragment analysis, or restriction fragment length polymorphism analysis) or by 
specific melting curve characteristics (melting curve analysis). Alternatively, the 
PCR product may be sequenced by various methods including Sanger sequencing, 
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pyrosequencing, mass spectrometry genotyping, or next-generation sequencing 
(NGS). NGS techniques, depending on the capture method, can be used to detect 
copy number variations, and they are also used to detect mutations, duplications, 
small insertions, deletions, and indels.

Next-generation sequencing methods are considered highly specific or of high 
resolution. One limitation that affects all sequencing methods is the size of sequence 
that can be evaluated at a given time. Depending on the assay, the sequences vary 
from around 40 bp (pyrosequencing) to up to 1000 bp (Sanger sequencing). However, 
most of the assays are optimized for DNA fragments ranging in size from 100 to 
300 bp to allow use with FFPE tissue, since formalin fixation fragments the DNA.

The following is a description of some of these assays with their limitations.

Table 1.3 Tests to evaluate changes in DNA sequence

Assay Application Will not detect Limitations Sensitivity

Allele-specific 
PCR

SNV Deletions, 
duplications, 
insertions, 
deletions

Specific assay for 
the specific gene in 
question may not 
detect other 
mutations than the 
one the assay was 
designed for

1–5%

Sanger 
sequencing with 
capillary 
electrophoresis 
[63]

Considered the 
gold standard for 
sequencing, can be 
designed to detect 
changes in 
sequence in up to 
1000 bp. Will 
detect insertions, 
deletions, and 
indels and 
rearrangements

Large 
chromosomal 
abnormalities, 
deletions

Low detection limit; 
labor intensive, 
costly

Approximately 
25%

Pyrosequencing 
[63, 64]

Easy to implement; 
very good at 
detecting point 
mutations; high 
sensitivity (around 
5%)

Very difficult to 
detect small 
insertions and 
deletions or 
rearrangements

Difficult to detect 
sequences with the 
same base 
(homopolymers 
when longer than 
6–8 bp in length), 
requires a short 
template (around 
40 bp, but can be 
designed up to 
400 bp)

Around 5%

Melting curve 
analysis [63]

Fast and easy to 
implement; used to 
detect commonly 
known mutations

The specific 
mutation is not 
known; might 
require confirmation 
for unusual 
mutations

10–20%
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 Allele-Specific PCR

This is a targeted analysis for the detection of specific SNV. It is very specific for the 
mutation that the assay was designed for. It is also sensitive, and it can detect muta-
tions when present at 1–5% concentrations. Its main limitation is its specificity. It 
cannot detect other mutations than the one the assay is designed for.

 Sanger Sequencing with Capillary Electrophoresis

Sanger sequencing is a PCR technique and it is considered the gold standard for 
DNA sequencing. RNA can also be sequenced if converted to cDNA.  Capillary 
electrophoresis is the method to separate the DNA strands by size and allow separa-
tion of up to 1 bp resolution. Sanger sequencing is well suited to detect SNVs, small 
deletions, insertions, and indels. It can also detect fusion transcripts, if appropriately 
designed. If good-quality DNA is used, it can sequence segments up to 1000 bp. The 
main benefits are that it will detect any mutation or variant in the DNA segment 
covered by the primer set. The biggest limitations are its costs and it is also labor 
intensive. It has low sensitivity, at around 20%, but sensitivity can be improved by 
using locked nucleic acids (LNA-PCR) [65]. Also, this method will not detect 
CNV. The turnaround time is around 3–5 days.

 Pyrosequencing

Pyrosequencing is a sequencing-by-synthesis method that uses a series of reactions 
to measure the release of inorganic pyrophosphate as each nucleotide is incorpo-
rated into the DNA chain [66]. This technique is easy to implement and has fast 
turnaround time (can be performed in 1 or 2 days), and it is good at detecting SNV 
and has high sensitivity. It will detect a mutation in approximately 5% concentra-
tion. Also, it is well suited to detect mutations in less than optimal DNA, like decal-
cified bone specimens [67] because it requires short DNA templates (around 40 bp). 
When using this method, it is difficult to detect sequences with the same base 
(homopolymers when longer than 6–8 bp in length) and insertions and deletions. 
Also, it cannot sequence long templates well (more than 400 bp).

 Melting Curve Analysis

Melting curve analysis is a technique developed to detect mutations by measuring 
the changes in fluorescence generated by the different dissociation curves between 
mutated and wild-type samples [68]. This technique is suitable to detect single base 
pair substitutions and small deletions and insertions. It can also be used to detect 
methylation status of a specific region [69]. Its main benefits are that it is a fast, 
closed-end system that is not labor intensive. The main limitations are that even 
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though it can detect a mutation in the area of interest, it cannot define which muta-
tion is present. Also, in some instances, it might require confirmation by another 
method [63]. This assay can detect a mutation at approximately 10% concentration.

 Next-Generation Sequencing

Next-generation sequencing (NGS) is a group of high-throughput methodologies 
that allow for low-cost sequencing of the genome or exome, transcriptome profiling 
(RNA-seq), protein-DNA interactions (ChIP-Seq), and epigenetic modifications. 
Depending on the manufacturer or platform, the assay may differ in the way the 
bases are incorporated and detected. The assays will also differ in the way the library 
is prepared and how the targets are enriched, when a targeted approach is used. The 
two most common methodologies for base incorporation and detection are sequence- 
by- synthesis using fluorescence (Illumina® dye sequencing) and hydrogen ions 
(Ion Torrent®) [70]. The most common target enrichment methods include hybrid-
ization or capture based and amplicon based (Table 1.4) [72]. All of these factors 
affect the performance characteristics of the assays [70–72].

Both methods of base incorporation can detect copy number variations and muta-
tions, small insertions, and deletions. Between these base incorporation methods, 
dye sequencing appears to have a lower error rate (<0.4%) versus (~1.8%) [70]. The 

Table 1.4 Next-generation sequencing approaches [70–72]

Method Uses Will not detect Limitations

NGS-amplicon 
capture

SNV, small deletions, 
insertions, small 
duplications, structural 
rearrangements depending 
on design

Copy number 
alterations
Limited capabilities 
for structural 
rearrangements
Large structural 
change

Slow turnaround time, 
complex setup, need for 
bioinformatics support

NGS- 
hybridization 
capture

SNV, small deletions, 
insertions, small 
duplications, 
rearrangements (depending 
on design)

Large structural 
changes

Slow turnaround time, 
cumbersome to setup time, 
heavy bioinformatics 
support

NGS-whole 
exome 
sequencing

SNV, small deletions, 
insertions duplications

Structural 
rearrangements 
involving introns

Slow turnaround time, 
cumbersome to setup time, 
heavy bioinformatics 
support

NGS-whole 
genome 
sequencing

SNV, small deletions, 
insertions, duplications, 
structural changes

Expensive, slow, 
cumbersome to setup time, 
not practical for everyday 
use, few automated 
solutions
Heavy bioinformatics 
support
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base content of the template also influences the error rate as dye sequencing has dif-
ficulty reading areas rich in GC and ion semiconductor has difficulty detecting 
homopolymers (sequences with more than 6–8 base pairs) and is not well suited for 
AT-rich areas in the genome.

Additional limitations affecting next-generation sequencing are related to the 
general architecture of the DNA templates. The most important of these limitations 
is the presence of difficult-to-sequence areas in the genome. Areas of high- homology 
(e.g., pseudogenes), repetitive, and GC-rich regions [73–75] affect assay perfor-
mance and sensitivity. The reason for poor performance in areas of high homology 
or repetitive regions of the genome is related to inaccuracies in the mapping to the 
reference sequence. In CG-rich regions, it has been proposed that the reason for the 
high error rate might be due to secondary structure formation, lower quality of 
reads, or high background noise [76, 77].

Additional limitations in next-generation sequencing are related to the analysis 
of the data which are discussed at length in both the bioinformatics section and 
dedicated NGS sections of this book. Genomic analysis and bioinformatics pipe-
lines rely on the use of numerous public and private sources for analysis tools for 
which no specific guidelines and standardization have been applied [78]. This leads 
to significant variability among laboratories.

The next-generation sequencing limitations noted above are mainly due to the 
early stages of clinical implementation of these assays and will, in most likelihood, 
be resolved in the upcoming years. The bioinformatics pipeline limitations should 
be resolved as the “Standards for Clinical Grade Genomics Databases” is imple-
mented [78].

 Gene Expression Profiling

Gene expression profiles are most commonly used in the research setting, but have 
found clinical use in the prognostication of some malignancies [79]. In essence, 
these tests quantify the expression of multiple genes (signature panel) in an attempt 
to predict the likelihood of recurrence and/or selecting individual therapies. 
Depending on the assay, these may be performed in fresh, frozen, or FFPE tissues. 
Also, these tests require well-preserved tissue that has not seen prolonged cold isch-
emia time or is highly necrotic, since they utilize mRNA. The labile nature of RNA 
from FFPE has been overcome by specific extraction kits that can minimize RNA 
degradation and remove genomic DNA that can affect downstream applications. At 
least 30% of invasive tumor is needed to increase accuracy. Turnaround time is test 
dependent and could be 1–2 weeks. The limits of detection also vary by assay, but 
the norm is to submit tissue with at least 25% tumor.

Tissue stewardship and selecting and optimizing the use of tissues for ancillary 
testing are the responsibility of the pathologists in collaboration with other provid-
ers. It is essential to understand the pre-analytic variables at play as part of the tissue 
accrual, optimization, and management process. In addition, there is a spectrum of 
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molecular methods available in clinical laboratories, each designed for different 
applications and with different strengths and limitations. Keeping all of these fac-
tors in mind, an educated decision to select the test that will best serve the patient’s 
clinical need can be made.
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Chapter 2
Next-Generation Sequencing

Alanna J. Church

Key Points
• Nucleic acids are prepared for sequencing by “library preparation,” includ-

ing fragmentation, adapter ligation, and target enrichment.
• Several types of sequencers exist, each one assessing the genetic sequence 

of the library in thousands or millions of parallel reactions.
• The informatics process of analyzing data is critical, including sequence 

alignment, variant calling, and variant annotation.
• There are many clinical applications for next-generation sequencing.
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 Introduction

Next-generation sequencing (NGS) has revolutionized the field of genomics. This 
powerful technology allows massive parallel sequencing, with up to 50,000 simul-
taneous reactions. The data is generated at a fraction of the prior cost, making it 
more accessible to research and clinical centers. The primary challenge now is har-
nessing this powerful technology to make the best use of it – how to test, what to 
look for, and what to do with the massive amounts of data. The uptake of NGS is 
exploding across research space, with innovative new applications being devel-
oped. This chapter focuses on the well-established techniques used in clinical 
laboratories.

 Library Preparation

Depending on the assay design, almost any type of nucleic acid can be sequenced. 
Assays for analysis of DNA and RNA are widely used. Newer technologies like 
ChipSeq, which uses NGS to analyze protein interactions with DNA, will not be 
discussed in detail in this chapter, although it is important to note that newer- 
generation assays are in development.

The role of sample and library preparation is to create the substrate that will be 
sequenced: high-quality nucleic acid, of the appropriate size and type, with 
adapters.

Assay design should be thoughtful and well suited to the appropriate substrate. 
For example, long double-stranded DNA is very stable and allows for longer-read 
lengths, but fragmented processed nucleic acid is more common in clinical settings, 
with formalin-fixed paraffin-embedded tissue being a prime example of widely 
available degraded nucleic acid.

The basic steps of sample preparation are described below, although depending 
on the assay, the order of steps may be modified.

 Nucleic Acid Isolation

DNA and mRNA are the most common substrates for sequencing in clinical labora-
tories, although it is possible to sequence other nucleic acids, like regulatory RNAs.

Cells are lysed with chaotropic salts and enzymes like proteinase K, depending 
on the sample type.

Nucleic acid extraction methods include column- and bead-based methods. In 
column-based extractions, nucleic acid binds to a column, is washed, and is then 
eluted. In bead-based extractions, nucleic acids are bound to magnetic beads, the 
solution is washed, and the nucleic acid is eluted.
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Isolated nucleic acid is quantified, and often a quality assessment is performed 
before proceeding with library preparation with either spectrophotometric, fluori-
metric, or gel electrophoretic methods.

 Fragmentation

The optimal length of nucleic acid strands is determined by the platform and assay 
design.

Nucleic acids can be fragmented by a variety of methods:

• Acoustic shearing using focused short-wavelength, high-frequency energy
• Sonication using unfocused long-wavelength sonicators
• Enzymatic shearing by digesting both strands of DNA, or by generating nicks on 

each strand of double-stranded DNA (dsDNA); because the enzymes are directed 
as specific sequences, this method is known to introduce bias

• Mechanical shearing, either by centrifugal force, hydrodynamics, or needle 
shearing

• Nebulization

 End Repair

Nucleic acid is often fragmented and degraded, with overhang of either the 5′ or 3′ 
strand. End repair removes or complements overhangs, ensuring that each molecule 
contains 5′ phosphate and 3′ hydroxyl groups.

Some libraries require blunt-ended adaptor ligation, and others incorporate dA- 
tails, in which a non-templated deoxyadenosine 5′-monophasphate (dAMP) is 
added onto the 3′ end. dA-tailing prevents the formation of concatemers, in which 
separate fragments are ligated together. dA-tails are then ligated to adapters with 
corresponding dT-overhangs.

 Adapter Ligation

Adapters are complementary to the sequencing platform and must be ligated to each 
fragment of nucleic acid that is to be sequenced.

The functions of the adapters are to interact with the sequencing platform and to 
identify the origin of the fragment. Molecular barcodes differentiate one sample 
from another, which is important in library pooling (see below), and informatics 
analysis. Unique molecular identifiers can be used to identify individual molecules, 
which can facilitate analysis by recognizing duplicate reads.

2 Next-Generation Sequencing
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Clever adaptations of the adapter include Y-shaped adapters and mate pair 
sequencing techniques.

Careful calibration of the amount of adapters being added to the ligation mix is 
important in avoiding contamination with adapter dimers.

 Size Selection

The optimal size, or length, of the nucleic acid strands is determined by the assay 
design and largely by the specific sequencer. Material provided by the manufactur-
ers of each sequencer will specify the optimum size selection.

Short-read sequencers are most efficient when provided with a library of simi-
larly sized sequences. In contrast, long-read sequencers are more efficient with 
elimination of shorter fragments.

Size selection also facilitates efficient informatics analysis, particularly for 
paired-end libraries, mate pair sequencing, and double-digest restriction site- 
associated DNA sequencing (ddRADseq).

The size selection step is important at removing adapter dimers, which can con-
taminate the libraries.

Techniques for size selection include the following:

• Gel electrophoresis, in which adapted library fragments are run out on a gel and 
the band with the ideal fragment size is collected.

• Bead-based, in which paramagnetic beads are bound to nucleic acid fragments. 
Concentration of the buffer in the solution will affect which sizes of fragments 
bind to and elute from the beads.

 Target Enrichment

Also known as sequence enrichment, this is a critical step in library construction. 
Ideally, a complex library is assembled with high coverage of target regions and a 
low quantity of off-target reads.

Uniformity of enrichment means that all targeted regions are represented equally 
and is a key measure of quality and performance.

Techniques for sequence enrichment include hybrid capture or amplicon-based 
techniques. See Fig. 2.1 for an overview of these two approaches.

 1. Hybrid capture, in which long oligonucleotide baits hybridize to regions of inter-
est. Bait design is critical, with careful positioning across target regions, with 
particular attention to challenging regions, such as GC-rich regions or internal 
tandem repeats. Hybrid capture methods include the following:

• Array based: an immobilized probe captures targets. Nonspecific hybrids are 
washed away and hybridized probes are eluted.
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• Solution based: biotinylated oligonucleotide probes are added to the solution 
containing adapter-ligated sequences. Magnetic beads are used to capture and 
purify hybridized probes.

Advantages of the hybrid capture approach over amplicon enrichment include the 
following:

• Applicable for large assays
• Easy informatic removal of duplicates due to staggered start sites
• Capture of different lengths of sequences
• Greater tolerance to sequence variation of rearrangements and indels due to hav-

ing only one part of the target hybridized, compared to binding of two flanking 
primers in amplicon sequencing

• Greater tolerance to sequence variation of single-nucleotide variants that lie 
under primer binding sites, which can lead to strand bias or allele dropout

• Easy to update a panel with additional targets without having to consider the 
complex interaction of many primers

• Overall, more uniform and complex coverage, and less likely to miss variants 
[1–4]

Nucleic acid

Primer-based
amplification

PCR + barcode and
adapter ligation

Data of reads
aligned to reference
sequence

Sequencing

Nucleic acid

Adapter
ligation

Hybridize to
capture probes

Data of reads
aligned to reference

sequence

Amplicon Sequencing Hybrid Capture Sequencing

Fig. 2.1 Overview of target enrichment for amplicon and hybrid capture NGS assays. For 
amplification- based assays (left in blue): primer-based amplification selects regions of interest, 
followed by PCR with barcode and adapter ligation. Due to dual primer amplification, reads have 
the same start and stop coordinates. Overlapping or tiling of primer targets allows for complete 
coverage. For hybrid capture assays (right in orange): adapter ligation is followed by hybridization 
of capture probes. Target reads are aligned with variable start and stop sites. Tiling of capture 
probes allows for complete coverage of the region of interest
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Disadvantages of hybrid capture compared to amplicon sequencing include the 
following:

• Longer library preparation time
• Requires more nucleic acid input for the same target set
• Highly sensitive to assay design

 2. Amplicon-based enrichment, in which multiplexed polymerase chain reactions 
(PCR) target regions of interest
Advantages of amplicon enrichment over hybrid capture are as follows:

• Efficient for use in small panels
• Short laboratory processing time (hours instead of days)
• Less nucleic acid input required
• Lower cost

Disadvantages of amplicon enrichment compared to hybrid capture are as follows:

• Presence of PCR artifacts
• Primer competition and nonuniform amplification of target regions due to varied 

GC content
• Overrepresentation of short sequences due to deletion and underrepresentation 

of longer sequences due to insertion
• Difficult to distinguish PCR duplicates on analysis without the use of unique 

molecular identifiers

Note that some of the variation in amplification efficiency can be mitigated by tech-
niques that combine thousands of single-plex reactions.

Overall, amplicon target enrichment is generally preferred for smaller panels and 
hybrid capture for larger panels.

Note that repeat regions and pseudogenes are challenging regardless of target 
enrichment technique.

 Amplification

Amplification of the library is often done with PCR-based techniques and may be 
incorporated into the PCR reactions for amplicon sequencing described above.

 Quantitation and Quality Assessment

A quantity and quality assessment of each sample is made prior to sequencing, with 
the technique tailored to the type of library. Standard techniques include gel electro-
phoresis, spectrophotometry, real-time PCR (qPCR), or digital PCR.
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 Library Pooling

Typically, multiple samples are “pooled” together in the same sequencing run. Molecular 
barcodes on the adapters differentiate samples from one another during analysis.

 Additional Steps

Depending on the type of library that is being constructed, additional steps may be 
required. For example, in mRNA sequencing, the mRNA sequences are typically 
converted to double-stranded cDNA sequences, which can be combined with the 
sequence selection step.

 Sequencing

There are several types of sequencers available, which can be broadly grouped into 
short-read and long-read sequencers. For an overview, see Table 2.1.

 Short-Read Sequencers (<1000 Nucleotides)

 1. Sequencing by synthesis: Target strands are sequenced by DNA polymerase, creat-
ing a complementary strand. With the addition of each nucleotide, a signal is 
released and detected. One common method uses the flow of hydrogen ions through 
a semiconductor, which provides information about how many nucleotides have 
been added (Ion Torrent). Another technique uses fluorophore-labeled probes, with 
the fluorescence detected by a charged coupled device camera (Illumina).

 2. Sequencing by ligation: This technique uses DNA ligase, which is sensitive to 
mismatches. Hybridization of fluorescent-labeled oligonucleotides generates 
fluorescence, which is captured and recorded (SOLiD). The primary limitation 
of this technology is very short reads (50 nt).

 Long-Read Sequencing (>1000 Nucleotides)

 1. Sequencing by synthesis: nano-chambers, each housing a single polymerase, 
synthesize DNA complementary to the target. Phospho-linked nucleotides are 
sequentially added, with a signal released with each reaction (Pacific Biosciences).

 2. Protein nanopores allow single molecules to pass through, generating a charac-
teristic disruption in the electric current with the passage of each nucleotide 
(Nanopore).

2 Next-Generation Sequencing
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 Informatics Process

The process or “pipeline” for the analysis of sequencing data is complex. The core 
components of common analysis methods are described below, with a focus on 
fundamental concepts and key quality metrics. See Fig. 2.2 for an overview. It is 
important to note that analytic algorithms are in constant flux and are changing 
more rapidly than any of the wet lab techniques described above. Although the indi-
vidual components of the pipeline are described below in series, in practice many 
analytic steps happen in parallel.

 Base Calls

The analytic pipeline begins with raw data generated from the sequencer. Depending 
on the type of sequencer (described above), the data exists as a series of signals, for 
example, a sequencer that generates fluorescent signals from clusters of oligonucle-
otides. Quality data is available at small and large scale for each component of the 
data file(s).

Each base call represents a nucleotide: A, G, C, or T. Typically another character 
is used for an indeterminate base call, often the character “N.”

File Size
Key Components of the

Informatics Process
Key Quality Metrics

Total reads
Demultiplexing success

% bases with adequate quality scores
% of reads with adequate quality scores

Mapping quality
Mean on-target coverage
% PCR duplicates

Variant quality score
Allele fraction

Report

Clinical Interpretation of Variants

VCF (variant call file)
Variant filtering

Single nucleotide variants

BAM file (aligned reads)

FASTQ file (raw reads)

Base Calls (raw data from sequencer) �
�

�
�

�
�
�

�
�

Demultiplexing

Terabytes

Gigabytes

Megabytes

Kilabytes

Adapter trimming

Alignment

Contig assembly (may happen after
alignment)

Prevariant call processing
Variant calling

Insertions and deletions
copy number alterations
structural variation (may require
analysis of unaligned reads)

Variant annotation
Variant prioritization

�

�
�

�

�
�

�
�
�

Fig. 2.2 Key components of the NGS informatics process from base calling to clinical reporting, 
annotated with file size and key quality metrics

2 Next-Generation Sequencing



34

 Demultiplexing

In practice, sequencer runs typically consist of pooled samples, with each individual 
sample identified by a molecular barcode. In order to analyze data at a sample level, 
the base calls for each sample must be separated.

Demultiplexing success, in which all molecular identifiers are present and no 
unexpected molecular identifiers are detected, is a key quality metric.

 FASTQ Files

After demultiplexing, each sample is associated with a file describing the sequence 
reads. The FASTQ format is a de facto standard and includes both the base call and 
a quality score for each base call, the Phred score:

Phred scores are a common technique for evaluating and annotating the qual-
ity of each individual signal. Originally developed for Sanger sequencing, the 
Phred score uses features like the signal peak shape and resolution in reference 
to datasets in which truth of the base call is known. The resulting quality metric 
describes the likelihood that a base call is incorrect, according the equation below 
in which Q is the quality score and P is the base calling error probability [5]:

 Q P� �10 10log  

The logarithmic relationship between these values is shown with examples 
below:

Phred quality score Probability of incorrect base call Base call accuracy

10 1 in 10 90%
20 1 in 100 99%
30 1 in 1000 99.9%
40 1 in 10,000 99.99%
50 1 in 100,000 99.999%

The quality score is associated with each signal and encoded using American Standard 
Code for Information Interchange (ASCII) characters, with an example below:

 

Identifier label

Sequence AGTCCTGTTCGAACTGCTAGTC

Quality s

�
�
�

@

ccore AAAAAAAAAA� � � �� � �;## #9 9  

FASTQ files need to be processed to informatically remove the adapter sequences.

A. J. Church
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 Sequence Assembly

A sequence contig is an assembly of overlapping sequences representing a consen-
sus region [6]. This assembly is particularly important for short-read sequencing 
technologies, in which the fragmented sequences are stitched back together to form 
longer consensus sequences, also known as “bottom-up sequencing.”

In paired-end sequencing, the two ends of an oligonucleotide are sequenced, and 
the middle region may not be sequenced. Since the length of the fragment is known 
(a function of the library preparation technique), a contig can be constructed in 
which unsequenced fragments of known lengths are included. This technique is 
known as scaffolding.

The order of sequence assembly relative to alignment is variable and depends on 
the goals of the overall analysis. There are two general methods of alignment:

 1. Primary alignment to reference genome with concurrent contig assembly
 2. De novo sequence assembly, which is done without the use of a template, fol-

lowed by either:

 (a) Alignment to reference genome: This technique is particularly helpful in 
identifying complex variations, including structural rearrangements, which 
may not align well to the reference genome.

 (b) OR creation of a de novo reference genome. This technique is particularly 
useful for analysis of data of genomes which do not have an established 
reference genome, like microorganisms.

 Alignment

Also known as mapping, individual reads or contigs are aligned to a template or 
reference genome or transcriptome.

Broadly, techniques for alignment include either global or local alignment. 
Global alignment requires that the entire length of the read aligns to the reference, 
whereas a local alignment allows for mapping of parts of reads. Local alignment is 
generally preferred [7].

Important parameters of any pipeline include the general approach to alignment 
and the stringency applied to matching. A high stringency means that variants may 
be missed, whereas a low stringency may result in misalignment.

Local realignment around areas of potential insertions and deletions is helpful in 
identifying those alterations.

Alignment of short-read sequencing data is a challenging part of the infor-
matics pipeline. Common pitfalls include misalignment of reads to homologous 
regions of the genome. The human genome has many regions of sequence 
homology, including 11,216 pseudogenes [8]. In a comprehensive analysis of 
homology, 2.2% of entire exons or large contiguous portions of exons have 
100% identity to other loci. These sequences are referred to as “NGS dead 
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zones” since short-read sequencing (250  bp) cannot reliably align these 
sequences [9].

Repetitive sequences are also common, accounting for up to half of the human 
genome, depending on the precise definition [10]. Repetitive regions that are longer 
than the read length cannot be aligned [11]. For example, a trinucleotide repeat 
region of 1000 bp cannot be assessed by sequencing 250 bp reads, since there is no 
“anchor” to a specific region.

Paired-end sequencing may result in two ends of the same read aligning to dif-
ferent parts of the reference genome, also known as discordant reads. An analytic 
step that specifically looks for discordant reads is helpful in identifying complex 
alterations like large insertions or deletions, or structural rearrangements like trans-
locations. This analysis can be done in parallel to other assembly and alignment 
steps.

 Variant Calling

Variant calling is the process of calling out mismatches in alignment. The simplest 
example is a single-nucleotide variant, in which one nucleotide is mismatched com-
pared to the reference in a read which otherwise matches perfectly.

The accuracy of variant calling is highly dependent on the quality of called bases 
and aligned reads.

Standards for gene nomenclature and description of variants are available [12, 13].

 Variant Filtering

Variant filtering is defined here as the process of removing variants that are likely to 
be artifacts of the assay. Variants may be suppressed as clinically low priority, 
described in “variant prioritization” below.

The use of multiple reads allows for statistical confidence that the mismatch is a 
true representation of the biology of the sample, rather than an artifact of the library 
preparation or sequencing process. In a sample in which two alleles are expected, a 
single-nucleotide variant is expected at about 50% or 100% allele fraction (% of 
reads), although strand bias may skew the fraction. In samples with mixed cell 
types, which are typical in analysis of tumor samples, variants may be present at a 
low allele fraction, particularly if tumor content is low or if the tumor contains 
 subclones. In those mixed sample types, more reads (depth) provide confidence in 
variants at a low allele fraction.

Data used for filtering variants due to low confidence include base quality, align-
ment quality, read depth, and allele fraction. Determining thresholds for these 
important filtration steps is a key decision in the establishment of the analysis 
pipeline.

A. J. Church
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 Variant Annotation

Variants aligned to the reference genome are further annotated with information that 
provides context to the biologic relevance, including:

 1. Predicted position with respect to known genes and amino acid consequence of 
the nucleotide variation. For example:

 
Variant genomic location in reference genome chr� 7 14075333: 66 38T A GRCh

Gene with cDNA annotation transcript ID BRAFc

� � �
� � � .. _ .1799 004333 4T A NM

Gene with amino acid annotation prote

� � �
iin ID BRAFp V E NP� � � � �. _ .600 004324 2

 

Predicted amino acid sequence alterations allow for variants to be grouped into 
those that are predicted to alter the sequence and how they alter the sequence (mis-
sense, nonsense, silent, frameshift, splice site, intronic, etc.). The BRAF V600E 
example above would be classified as a missense variant.

This gene annotation process is heavily dependent on the use of known gene 
transcripts, included in the example above. Selection of transcripts for use in the 
pipeline has significant consequences for annotation.

 2. Prevalence of the variant in the population. A variant is defined as a difference 
from the reference standard, but does not necessarily imply association with dis-
ease. Polymorphisms are genetic differences between subjects and represent a 
large proportion of called variants.

Databases of genomic information from large populations are now available, 
making this component of the annotation process increasingly reliable.

Although databases are improving their diversity over time, there is still an 
overrepresentation of some populations and an underrepresentation of others. A 
known consequence of this skewed representation is that a sample from a subject 
of an ethnicity that is not well described in database will have more variants that 
are not recognized as polymorphisms.

 Variant Prioritization

The decisions about which variants to include in the review process and report are a 
key part of the design of a clinical assay. Decisions include gene lists, regions within 
a gene (exons only, splice sites, introns), which types of variants (nonsense, missense, 
etc.), quality thresholds across the entire process, allele fraction, and population fre-
quency cutoffs. More permissive thresholds mean that more variants will be reported, 
some of which may be false positives, or not clinically relevant; restrictive thresholds 
lead to a shorter list of variants, but may result in false negative of missed results. All 
thresholds should be made in the context of the greater clinical aim of the assay.

2 Next-Generation Sequencing
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 Clinical Reporting

The construction of the final report represents the final step in the assay. The priori-
tized variants are reviewed and typically tiered according to their clinical 
significance.

Guidelines exist for the interpretation of both germline and somatic variants 
[14, 15], although some labs continue to use their own tiering systems. These 
recommendations have been widely implemented, particularly for germline vari-
ants, and are useful in improving variant classification consistency [16–18].

 Flow and Storage of Data

Abundant data is generated by a single NGS assay. The wet lab process generates 
quality metrics, which are similar to other molecular assays. The sequencing analy-
sis and informatics process generate a huge volume of primary, intermediate, and 
reportable data, which is a challenge to process and store [19]. As an example, the 
raw sequencing data for a single run is measured in terabytes. Many laboratories 
store intermediate files like FASTQ or BAM, rather than the primary sequencing 
data. BAM files are significantly smaller than FASTQ files and include all of the 
same data except for unaligned and filtered reads. Data storage at each step of the 
process is an important consideration.

Because sequencing data includes sample identifiers and genetic data that is 
potentially identifiable, data security is an important responsibility of the clinical 
laboratory. Data security is needed for all temporary and longterm storage locations, 
and for each file transfer, including within a cloud computing environment.

 Clinical Applications of NGS

The clinical implementation of NGS is still in early development. Targeted gene 
panels with short-read sequencers have been the first to be clinically validated, with 
whole-exome sequencing becoming increasingly available. Common clinical pan-
els include germline panels for neurologic conditions, cardiac dysfunction, meta-
bolic disorders, hearing loss, and cancer predisposition. Somatic cancer panels are 
widely available for sequencing tumor, providing information about diagnosis, 
prognosis, and treatment response.

The primary limitations of NGS at a technical level are related to read length, 
making it difficult to interrogate homologous or repeat regions. Much of the infor-
matics process is dedicated to reassembling reads into their true biologic orienta-
tion, which is only necessary for short-read sequencing. As long-read sequencing 
technology improves and becomes more accessible over time, these limitations will 
shift and new challenges will emerge.

A. J. Church



39

Several challenges exist in bringing NGS into a patient care setting, some of 
which have been described above. Generally, clinical programs with a need for 
genetic sequencing can decide to build a platform in-house, or send-out to a refer-
ence lab. Challenges in clinical implementation are described as follows:

 1. Challenges in creating a clinical sequencing platform

• The clinical laboratory regulatory environment is very challenging, with mul-
tiple agencies providing different guidance and oversight.

• Reimbursement from payors is uncertain.
• A team that can accommodate all the parts of testing and analysis must be 

assembled, with heavy emphasis on informatics support.
• Data analysis and storage are far greater for NGS than for any traditional 

techniques.

 2. Challenges in ordering tests for patients (in-house or as a send-out to a reference 
lab)

• The cost of each assay is high compared to more traditional techniques (like 
karyotype or FISH), although the costs are diminishing over time.

• Reimbursement from payors is uncertain.
• So much data is generated that it is challenging to take it in and understand it.
• Clinicians must be prepared to review results with their patients, including 

many variants of uncertain significance.

 Conclusion

Next-generation sequencing is a powerful tool that has changed the landscape of 
genetic research and clinical genomics. Several challenges and opportunities exist 
in making use of the technology and adapting it for effective clinical use.
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Key Online Resources
• AMP Liquid Biopsy Webinar Series: https://educate.amp.org/store/semi-

nar/seminar.php?seminar=128701
• Liquid biopsies come of age: towards implementation of circulating 

tumour DNA. Wan, et al.: https://www.ncbi.nlm.nih.gov/pubmed/28233803

Key Points
• Cell-free DNA (cfDNA) is currently in clinical use for noninvasive prena-

tal testing, for monitoring of solid organ transplantation, and as a predic-
tive biomarker for treatment selection in non-small cell lung cancer.

• Pre-analytical assay optimization strategies are driven by the unique biol-
ogy of cfDNA and include specimen type, collection method, storage, and 
extraction techniques.

• Assays in use for analysis of cfDNA are broadly based either on poly-
merase chain reaction or next-generation sequencing technologies that 
may be employed based on clinical requirements for sensitivity versus 
breadth of target detection.

• Rapid evolution in chemistry, informatics, and sequencing technology will 
drive further expansion of clinical applications of cfDNA testing to include 
disease monitoring and screening.
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 Introduction

Cell-free DNA (cfDNA) is genetic material that is within the body but found outside of 
viable cells. Cell-free DNA is released from tumor cells by a variety of mechanisms [1]. 
The majority of cell-free genetic material is thought to derive from nuclear breakdown 
in the setting of apoptosis or necrosis. DNA can also be secreted fro|m cells in the form 
of exosomes. When cfDNA diffuses from the site of origin, it can become a solute in 
proximate body fluids, such as sputum, cerebrospinal fluid, urine, or stool. Cell-free 
nucleic acids can also enter the bloodstream, where they become circulating 
cfDNA. Once in a compartment amenable to collection, purification, and evaluation, 
cfDNA can be quantified and characterized as a measure of health and disease.

Circulating nucleic acids were first discovered in the bloodstream in 1948 [1]. It 
was subsequently noted that the quantity of cfDNA varies from one healthy indi-
vidual to another. Furthermore, it was found that cfDNA changes are also observable 
in the setting of numerous physiologic or pathologic conditions, including trauma, 
myocardial infarction, stroke, transplantation, pregnancy, and cancer (Table 3.1).

In traumatic or ischemic events, the raw quantity of cfDNA may correlate with 
the extent of injury [2]. Posttransplant quantification of donor-derived cfDNA cor-
relates with acute and chronic rejection of transplanted organs [3–6]. In pregnancy, 
the FDA has approved cfDNA as a biomarker in noninvasive prenatal testing, 
wherein relative quantification of cfDNA mapped to their origin in the reference 
genome identifies chromosomal aneuploidy, as in Down syndrome [7].

Cancer is one of the most complex, yet potentially most clinically impactful, 
applications of cfDNA testing. All malignancies are caused by genomic alterations 
that dysregulate cell biology. These genetic changes include single-nucleotide 

Table 3.1  Selected clinical applications of cfDNA testing

Application Aim Technology References

Trauma Quantification of total 
cfDNA

Quantitative PCR [2]

Noninvasive 
prenatal testing

Detection of fetal 
aneuploidy in the maternal 
circulation

Random whole-genome 
sequencing
Targeted SNP profiling

[7]

Solid organ 
transplantation

Evaluation of graft 
rejection

Y-chromosome gene PCR 
(sex-mismatched transplants)
HLA-mismatched PCR
SNP genotyping

[3]
[4]
[5]
[6]

Solid tumor 
biomarker testing

Predictive biomarker 
testing
Diagnostics
Monitoring
Screening

Allele-specific quantitative PCR
Digital PCR
BEAMing
Targeted hybrid capture panel 
NGS
Targeted amplicon NGS
Whole-exome sequencing
Ultralow-pass whole-genome 
sequencing

[17]
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mutations, small insertion/deletion mutations, larger copy number changes, struc-
tural rearrangements, and epigenetic alterations, all of which are specific to neoplas-
tic cells and drive the aberrant growth of the tumor. The ubiquity of these genetic 
changes across all cancer types facilitates their use as biomarkers specific to the 
oncogenic forces at work within an individual patient’s tumor.

 Current Applications: Noninvasive Prenatal Testing

Noninvasive prenatal testing (NIPT) represents the first widespread clinical appli-
cation of cfDNA. NIPT exploits the fact that cfDNA, which is generally represen-
tative of the fetal genome, is released from placental trophoblasts into the maternal 
circulation. NIPT has largely replaced maternal serum biochemical screening and 
fetal ultrasound for detection of fetal aneuploidies. The high specificity and posi-
tive predictive value of cfDNA testing for detection of fetal aneuploidy have 
enabled a substantial drop in the rates of false positive results as compared to 
multiple-marker screening. As a consequence, the routine use of NIPT in high-risk 
maternal populations in the last decade is estimated to have halved the frequency 
of invasive confirmatory testing including amniocentesis and chorionic villous 
sampling [7].

The most common NIPT assays examine fetal sex and trisomies 13, 18, and 21. 
Dominant methods for quantifying fetal chromosomes include random whole- 
genome and targeted sequencing. In random whole-genome sequencing, represen-
tative random cfDNA fragments derived from fetal and maternal genomes are 
sequenced, mapped, and counted; proportionally higher numbers of sequencing 
reads from one chromosome will point to a fetal trisomy [8]. In targeted sequencing, 
characterized SNPs are amplified and sequenced; skewing of SNP allelic ratios may 
indicate the presence of aneuploidy [9].

NIPT is feasible starting at week 10 of gestation; before this, the levels of fetal 
DNA are typically too low to generate informative results. After 10 weeks, low fetal 
fraction may occur in a variety of scenarios, including high maternal body mass 
index, pregnancies resulting from assisted reproductive technologies, or as a result 
of some aneuploidies. Low fetal fraction may lead to false negative results; there-
fore, a testing step that evaluates the fraction of placental versus total cfDNA is 
recommended [10]. False positive results may occur in the context of confined pla-
cental mosaicism, particularly for chromosomes 18 and 21. Other reasons for false 
positivity include autosomal trisomies, vanishing twin syndrome, or maternal fac-
tors, such as copy number variants, prior transplant, or subclinical neoplasm.

Although assessment of fetal aneuploidies is the dominant indication for NIPT, 
this technology has been extended to assess micro-deletions and micro-duplications 
as well as noninvasive detection of fetal single-gene disorders. The use of NIPT has 
been reported for the prenatal detection and management of a variety of inherited 
disorders including blood group incompatibility, skeletal dysplasias, congenital 
adrenal hyperplasia, and hemoglobinopathies [7].

3 Cell-Free DNA Testing
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 Current Applications: Solid Organ Transplantation

Periodic rejection surveillance of transplanted solid organs is used to titrate immu-
nosuppressive regimens in order to prevent or slow graft failure. Traditional surveil-
lance approaches employ invasive biopsy sampling of the engrafted organ and 
histopathologic evaluation; this process is prone to sampling bias and pathologist 
variability, as well as morbidity related to invasive biopsies. Donor-derived cfDNA 
is detectable in transplant recipients and has been exploited as a biomarker of graft 
rejection in a variety of organ contexts. Donor-derived cfDNA increases as a fraction 
of total cfDNA in the setting of acute rejection following heart, liver, kidney, and 
lung transplantation, and levels correlate with biopsy-proven rejection. The fraction 
of donor-derived cfDNA can be determined using Y-chromosome measurements in 
sex-mismatched transplants, SNP genotyping, human leukocyte antigen mismatch, 
or comparison of copy number polymorphisms. Many approaches rely on a priori 
knowledge of donor and recipient genotypes; however, SNP-panel NGS tests that 
exploit bioinformatics tools to assign recipient and donor status have also been vali-
dated for detection of rejection in cardiac and kidney allograft patients [6, 11].

The positive predictive value of elevated donor-derived cfNDA for rejection is 
relatively low, as cfDNA can be released due to a variety of pathologies affecting the 
graft, such as infection or inflammatory conditions [5]. Therefore, current assays are 
unlikely to replace tissue biopsy as a gold standard for rejection evaluation, but may 
have value as a noninvasive monitoring tool to inform the timing and/or interpreta-
tion of posttransplant biopsies.

 Current Applications: Cancer

In the setting of malignancy, the subset of cfDNA in the systemic circulation that is 
derived from tumor cells is called circulating tumor DNA (ctDNA). Qualitative or 
quantitative assays designed to query ctDNA is one type of “liquid biopsy,” a con-
cept that has long been considered a “holy grail” of cancer testing, because a fully 
optimized, targeted test could minimize the risk and invasiveness of diagnostic pro-
cedures for some cancer types.

Assays targeting ctDNA have numerous potential advantages. Many studies have 
demonstrated significant genetic heterogeneity both within a primary tumor, as well 
as between the primary tumor and metastatic site(s). For example, in lung cancers, 
mutations associated with treatment resistance have been identified in some tumor 
cell populations, but not in others. Stochastic and sampling factors inherent to tissue 
biopsy can inhibit full characterization of system-wide disease. This missing infor-
mation can adversely affect clinical management. In contrast, a liquid biopsy repre-
sents multiple tumor sites in proportion to the amount of ctDNA produced by each 
focus, potentially yielding a more complete account of the patient’s cancer genome.

The absolute and relative quantity of ctDNA is highly variable and depends on 
the tissue of origin, disease burden, exposure to therapy, extent of treatment 
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response, and other aspects of tumor biology [12]. Plasma cfDNA originates from 
increased cell death, via both apoptosis and necrosis, of tumor tissue, and circulat-
ing tumor DNA (ctDNA) typically represents a minor fraction of overall 
cfDNA.  Nevertheless, there is a reproducible correlation between cancer burden 
and levels of cfDNA [13, 14]. In non-small cell lung cancer (NSCLC), patients with 
disease confined to the lungs tend to have very low levels of ctDNA – often unde-
tectable using standard clinical techniques, such as droplet digital PCR or targeted 
NGS – whereas those with metastatic disease have detectable ctDNA in 60–100% 
of cases [14]. The prevalence of ctDNA in patients with metastatic cancer enables 
the use of cfDNA for detection of cancer-specific molecular biomarkers, such as 
oncogene single-nucleotide or indel variants, including a subset that can be used for 
treatment selection and monitoring, via targeted PCR-based assays. Detection of a 
broader array of variants, as well as amplifications and rearrangements, can be 
accomplished by use of NGS-based technologies [13, 15, 16].

Ultrasensitive assays, such as allele-specific quantitative PCR or bespoke ampli-
con sequencing, can be used to detect ctDNA even in those patients with early stage/
organ-confined disease [17]. Pathologic features that predict the presence of detect-
able ctDNA in surgically resectable NSCLC include squamous morphology, high 
tumor cell proliferation rate, and lymphovascular invasion [18]. These exceptionally 
sensitive assays could be used for detection of tumor-specific cfDNA alterations 
following surgery or other definitive therapy, enabling longitudinal monitoring for 
disease recurrence prior to development of radiographic or clinical evidence of 
relapse [18, 19].

As of 2018, only one cfDNA assay for predictive molecular biomarkers was 
approved in the United States by the Food and Drug Administration; the approved 
assay assesses EGFR hot spot activating mutations (exon 19 deletion mutation and 
L858R) as well as the resistance mutation T790M in patients with advanced 
NSCLC. As such, it may be used in patients with an established NSCLC diagnosis 
to guide choice of therapy when tissue is insufficient or unavailable for molecular 
profiling or in the setting of relapse to detect the T790M variant [20]. In either set-
ting, a negative result should prompt follow-up tissue testing prior to therapy deci-
sions, because of the lower sensitivity of cfDNA-based profiling relative to tumor 
tissue [21]. While ctDNA profiling has gained the most traction in the context of 
biomarker assessment in NSCLC, applications have been described in numerous 
other tumor types (Table 3.2).

 Pre-analytical Considerations

Specimen collection and handling are critical for cfDNA assays. Factors that accel-
erate cfDNA degradation or dilute cfDNA concentration can decrease assay sensi-
tivity. Pre-analytical variables including cfDNA biology, specimen type, collection 
and processing protocols, and DNA purification strategies can all affect the quality 
and quantity of starting material [22, 23].
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 cfDNA Biology

cfDNA is rapidly removed from the bloodstream, via both nuclease degradation and 
renal clearance, with a half-life of approximately 16 minutes to 2 hours [24, 25]. In 
one study, quantification of ctDNA before and at time points following surgical 
resection show that the concentration decreases by 96.7% at 24 hours following 
surgery, with the drop in ctDNA concentration preceding decreases in protein bio-
marker levels [24]. This turnover and the possibility of early, high-sensitivity inter-
pretation suggest that ctDNA may represent a multi-cancer posttreatment biomarker 
for minimal residual disease and disease recurrence.

Because cfDNA is derived from apoptotic and necrotic cells and is subsequently 
exposed to unfavorable extracellular conditions, the fragment length of cfDNA is 
generally shorter than DNA isolated from tissue or whole blood. DNA harvested 
from lymphocytes or fresh tissue can extend to the tens or hundreds of kilobases in 
length. DNA extracted from formalin-fixed, paraffin-embedded tissue degrades 
with storage time, but tissue archived within months to several years has been shown 
to yield DNA fragment sizes in the kilobases [26]. While these other sources of 
genetic material generally conform to a normal distribution of fragment length, 
cfDNA exhibits a multimodal length distribution with peaks at approximately 150, 
300, and 450 bp. This ~150 bp fragment length periodicity reflects the number of 
bases wrapped around, and thereby protected from degradation, by a single nucleo-
some or chromatosome [27]. The ~300  bp and ~450  bp peaks represent cfDNA 
fragments wound around two and three nucleosomes, respectively. In samples from 

Table 3.2  Applications for cfDNA testing in solid tumors

Diagnosis Molecular target(s) Clinical implications Reference

Bladder cancer ERBB2, TSC genes, 
PIK3CA, and others

Targeted therapy selection/
clinical trials

[39]

Breast and ovarian 
cancer

BRCA reversion events Selection of PARP inhibitors [40]

Gastric cancer ERBB2 amplification, 
others

HER2-targeted therapy, 
surveillance, identification of 
mechanisms of relapse

[41]

Hepatocellular 
carcinoma

Methylation marker panel Diagnosis, prognosis [42]

Melanoma BRAF codon V600 BRAF targeted therapy [43]
Oropharyngeal 
cancer

HPV Disease monitoring [44]

Pancreatic 
adenocarcinoma

KRAS mutation Prognosis in surgically resected 
patients

[45]

Prostate cancer 
(relapse)

BRCA2 reversion, AR 
mutations

PARP inhibitor resistance, 
androgen blockade resistance

[46–48]

Sarcoma EWSR1 fusions, TP53 
mutations, others

Disease monitoring, prognosis [49, 50]

Small cell lung 
carcinoma

TP53, RB1, PTEN, NOTCH 
genes, MYC genes, others

Response assessment, disease 
monitoring

[51]
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most cancer types, ~90% of ctCNA falls in the ~150 bp band, with decreasing rep-
resentation of sequentially larger fragment size peaks [28].

Assays must be consciously designed to account for the short fragment length of 
cfDNA. In particular, PCR-based assays must utilize small amplicons in order to 
produce sufficient amplification for detection.

 Specimen Type

Whole blood samples contain nucleated white blood cells (WBCs). If these WBCs 
are lysed prior to cfDNA extraction, released enzymes may accelerate cfDNA deg-
radation. Furthermore, WBC lysis results in the liberation of cellular non-tumor 
DNA, diluting the ctDNA and reducing assay sensitivity. Quantification of unique 
Y-chromosome sequences in cfDNA from sex-mismatched bone marrow transplant 
recipients demonstrates that this process is a major source of cfDNA [29, 30].

Serum and plasma are acellular subsets of whole blood, with serum representing 
plasma that has been depleted of clotting factors. In practice, plasma is derived via 
centrifugation, whereas serum isolation is accomplished via in vitro induction of 
clotting prior to centrifugation. The clotting step intrinsic to serum collection 
induces greater release of WBC-derived cfDNA compared to centrifugation alone, 
resulting in a higher total cfDNA concentration in serum than plasma [30]. However, 
due to the dilution effect, the ctDNA:cfDNA ratio is greater in plasma. Therefore, 
consensus recommendations favor the use of plasma as the source material for 
ctDNA testing [21, 31].

 Collection and Processing

Collection tube type, time to centrifugation, storage, and DNA isolation approaches 
can also affect the degradation and relative concentration of ctDNA.

Current ctDNA assay technologies use PCR to amplify, and in some cases ana-
lyze, genetic material. Heparin is widely used to prevent coagulation in blood col-
lection tubes, but this drug has been shown to interfere with the biochemistry of the 
PCR reaction [32], and, accordingly, heparin-containing tubes should not be used to 
collect material for ctDNA testing. Instead, tubes with alternative anticoagulants, 
such as EDTA, standard lavender-top tubes, or tubes with leukocyte stabilization 
compounds are preferred for downstream ctDNA analysis. One study directly 
 compared ctDNA yield for EDTA, Streck (Streck, Inc., La Vista, NE), and CellSave 
(Menarini Silicon Biosystems, Inc., Huntington Valley, PA) tubes, including with 
different post-collection handling protocols [33]. The authors found that these tube 
types had similar ctDNA yields when plasma was isolated within 6 hours of collec-
tion. By 48 hours, however, the yield from EDTA tubes was less reliable, whereas 
the CellSave and Streck tubes did not show a significant decrease in harvested 
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ctDNA. Thus, plasma should be produced within hours of collection for EDTA tube 
samples. The use of leukocyte stabilization tubes can extend the plasma isolation 
window to days; there are now numerous commercially available options, and opti-
mal protocols are highly dependent on the properties of each tube type [34].

Short-term storage at 4  °C versus room temperature has been shown to have 
negligible effect on ctDNA harvest [33]. However, depending on the tube type, 
higher temperatures and longer intervals can increase contamination with leukocyte- 
derived DNA. In general, it is ideal to refrigerate samples as soon as possible until 
plasma is isolated. Freezing of plasma prior to cfDNA isolation does not affect the 
quantity or analytical quality of the genetic material. However, as with all types of 
DNA samples, multiple freeze-thaw cycles cause degradation, so plasma or isolated 
cfDNA should be stored as aliquots in order to avoid this problem.

The need for additional and/or specialized blood collection tubes, specific sam-
ple handling, and rapid DNA isolation requires equipment, education, and, cru-
cially, buy-in from institutions, clinicians, administration, and staff. In the inpatient 
or cancer center setting, it may be most economical to implement the use of already 
widely utilized EDTA tubes, followed by DNA isolation within 6 hours. However, 
stabilizing tubes may be more practical in outpatient settings where staffing and 
infrastructure for rapid DNA isolation are more challenging.

 cfDNA Detection and Quantification Technologies

cfDNA detection and quantification assays fall into two general groups: sequencing 
based and PCR based. Sequencing-based assays enable discovery of the spectrum of 
circulating somatic alterations in the genome, exome, or targeted regions. In contrast, 
PCR-based tests specifically target hot spot or previously identified mutations, but 
generally have faster turnaround time and higher analytical sensitivity. For either 
approach, assay validation should be carried out via comparison against the appropri-
ate gold standard based on the specific application (e.g., tumor tissue in cancer, donor 
tissue for transplant, karyotype for noninvasive prenatal diagnosis, etc.). A summary 
of technologies and their optimal cancer-related applications are found in Table 3.3.

 Limitations

Clinical ctDNA testing has several potential limitations compared to direct tissue 
testing. The principal limitation is the low concentration of overall cfDNA, and 
ultimately the low level of ctDNA, present in most patients with solid tumors. On 
average, cfDNA is reportedly present at a concentration of 20–25 ng/mL (or 3000 
genomic equivalents) in the plasma of patients with metastatic carcinoma [35]. For 
variants present at 0.1% allele fraction (1 in 1000 genomic equivalents) and input 
amount of 3000 genomic equivalents, there is an approximately 5% chance that this 
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variant will go undetected in 1 mL of tested plasma. Obviously, lower cfDNA con-
centrations elevate the possibility of false negative results, purely by chance. This 
limitation can be at least partially mitigated by testing for multiple variants, where 
feasible [1].

Additional challenges in the interpretation of detected variants derive from the 
fact that it is not possible to ascribe an origin to a specific fragment of cfDNA, and 
it is difficult to ascertain, a priori, the relative contribution of ctDNA to the overall 
cfDNA population. There is evidence, however, that the distribution of cfDNA frag-
ment lengths shifts to the left in samples with high levels of ctDNA, with a peak 
length of less than 145 base pairs in samples with detectable tumor mutations [36]. 
These differential fragment length distributions may enable better assessment of the 
levels of ctDNA in a sample.

Factors that may contribute to false positive results or lead to incorrect attribution 
of a variant to patient’s known cancer are summarized in Table 3.4.

 Future Directions

Though few cfDNA tests currently have regulatory approval for general use, numer-
ous novel analysis approaches are currently under development for clinical applica-
tions, such as generalized and tissue of origin-specific gene panel sequencing and 
bespoke, personalized testing. Advances in technology employing cost-effective, 
ultrasensitive detection of DNA variants are likely to shift clinical practice models 

Table 3.4  Factors contributing to false positive or nonrepresentative results in ctDNA testing

Factor Potential limitation (compared to tissue testing) Mitigation strategies

Germ line 
variants

Mosaicism or some inherited variants could be 
interpreted as somatic mutations

Parallel testing of germ line 
DNA (at least once for each 
patient)

Multiple primary 
cancers

Difficult to determine tissue of origin of a 
specific somatic mutation

Parallel testing of tissue 
biopsy (at least once for 
each primary tumor)

Multifocal 
disease

Differential contribution to ctDNA of different 
tumor sites, obscuring diversity

Serial testing, selection of 
appropriately sensitive 
method

Contamination Low-level contamination can mimic somatic 
mutations

Bioinformatics evaluation 
for evidence of 
contamination

PCR artifacts Requires increase in lower limit of detection 
and decreased sensitivity

Use of unique molecular 
identifiers to identify 
strand-specific artifacts

Other clonal 
proliferations

Presence of mutant cfDNA arising from a 
source other than tumor cells of interest (e.g., 
TP53 mutation in clonal hematopoiesis of 
indeterminate potential)

Parallel testing of buffy 
coat
Future consideration: 
healthy baseline testing
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to enable monitoring of patients with early stage disease; permit use of alternative 
body fluids, such as saliva, as a source of cfDNA; and ultimately allow for early 
cancer detection in high-risk populations [37, 38]. Application-oriented validation 
standards and reference materials, clinician buy-in, and comparative clinical studies 
will be required for these technologies to achieve wide use in a variety of practice 
settings.
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Key Points
• Laboratories often choose to have internally customized bioinformatics 

tools developed by bioinformatics specialists.
• The process from raw data sequence to variant annotation is mostly stan-

dardized, but different open source tools are available for the key tasks 
which can be customized to meet the needs of the laboratory.

• The field of Clinical Informatics continues to evolve and develop tools for 
more complex variant analysis

 Introduction

The term bioinformatics has many diverse meanings and settings for applica-
tions in the biological sciences. Bioinformatics is best understood as a recogni-
tion that “information techniques” and “computational methods,” well established 
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in computer science, can be broadly applied to better conceptualize and under-
stand complex biological systems [1, 2]. Applications for bioinformatics can be 
found in topics as diverse as protein folding prediction, ecological interactions, 
and RNA expression profiling [3–5]. However, when framed within the context of 
next- generation sequencing (NGS) in the clinical laboratory, bioinformatics refers 
to computational processes that take raw DNA or RNA sequence files from the 
 next- generation sequencing instrument and analyze these data to provide clinically 
informative results related to the nucleic acid sequence [6]. We add the modifier 
“clinical” to reinforce the important role the bioinformatics teams contribute to the 
clinical management of patients. The term “clinical bioinformatics” has also been 
used to describe a broad range of activities that bioinformatics expertise can play 
in other areas of clinical medicine [7]. Here we focus our discussion to the role of 
bioinformatics within the clinical NGS laboratory.

Because the field of bioinformatics is a confluence of the biological and compu-
tational sciences, both areas of knowledge and expertise are important to the devel-
opment of effective and high-quality analyses. Many common terms from computer 
science begin to enter the common parlance in bioinformatics. As an example, the 
established phrase that refers collectively to the bioinformatics analyses processes 
is “bioinformatics pipeline.” The term pipeline simply refers to unidirectional and 
sequential steps of data processing. This reflects the modular nature of bioinfor-
matics pipelines that we will discuss in detail in this chapter. For simplification 
of language, unless otherwise indicated, “pipeline” will refer collectively to all of 
the data processing steps that occur from when sequencing completes to when the 
report is generated.

Due to the critical nature that bioinformatics pipelines play in accurately report-
ing variant calls, most NGS laboratories employ at least one clinical bioinformatics 
specialist who is trained in operating and overseeing the pipeline. The amount of bio-
informatics expertise required to successfully operate an NGS laboratory depends 
on the amount of systems the laboratory develops internally. Many commercially 
available products are available to assist with deploying various components of the 
pipeline. However, even with the exclusive use of commercial products, it is advised 
to have an internal bioinformatics specialist who is available to troubleshoot prob-
lematic findings or failures identified during routine quality assurance procedures.

Many laboratories prefer to have the flexibility of a customizable bioinformatics 
pipeline that allows for implementation of new biomarker detection and for updates 
that improve the end user experience in working with NGS data. Laboratories that 
choose custom, laboratory-developed pipelines often have large teams of bioinfor-
matics specialists. Some of the subfields within bioinformatics that are necessary 
for maintaining a robust pipeline include pipeline developers, NGS variant analysts, 
operations managers, and graphical user interface developers.

Along with NGS in the clinical laboratory, clinical bioinformatics is a rapidly 
evolving and maturing area of specialized expertise. We anticipate many innova-
tions and updated techniques to evolve current understanding of best practices in 
clinical bioinformatics. To keep the content of the chapter reasonably up to date, 
we will refer to pipeline processes in general terms that have persisted in clinical 
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practice and are likely to continue to contribute to bioinformatics pipelines going 
forward. We recognize a diversity of tools have been developed that are available for 
every step in the bioinformatics process. We do not intend to provide an exhaustive 
or prescriptive list of tools but will refer to most common tool sets that are up to 
date, as determined by our own clinical practice and in the literature.

Herein, we describe the standard file types and processes that contribute to a 
modern pipeline, which is the standard of care in clinical NGS laboratories. We 
discuss the theory behind these data processing steps and refer the reader to refer-
ences for more granular discussions of the individual topics. Finally, we discuss the 
current regulatory environment for bioinformatics and discuss the emerging trends 
we believe will likely to become standard practice in the near future.

 Central Dogma of NGS Bioinformatics

We recognize that a large proportion of the readers of this text will come to this 
chapter with very limited knowledge in computer science, but with a strong back-
ground in genetics, molecular biology, and biochemistry. Thus, we want to provide 
a familiar framework on which a knowledge base in bioinformatics can be built. We 
hope to accomplish this by providing a simplification that frames the core processes 
of the bioinformatics pipeline analogous to the well-known concept of the “Central 
Dogma of molecular biology” or simply the Central Dogma. As a brief refresher, 
the Central Dogma is the steps of transformation from DNA to protein that occurs 
in cells (Fig. 4.1).

a b

DNA FASTA/FASTQ

BAM/SAM
Reference sequence

VCF

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

Leu–Met–His–Gly Protein

RNA

Raw Data from
Sequencing Platform

Transcription

DNA Replication

Alignment Algorithm

Translation Variant Calling Algorithm

Fig. 4.1 Figure visually shows the running analogy between the (a) “Central Dogma of molecular 
biology” and the (b) standard bioinformatics pipeline, including the processes and file types
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We recognize that the analogy between these two processes is not perfect, and 
we do not wish to infer precise correlation. However, we can think of both bioinfor-
matics pipelines and DNA expression as unidirectional data processing, in which 
one form of data storage is transformed to another in sequential steps. Figure 4.1a,b 
shows the analogous steps along both processes, which can be referenced through-
out this discussion.

 FASTA/FASTQ

While the core chemistry of the different sequencing platforms varies, the raw data 
output after data processing can be generalized to the standard FASTA/FASTQ for-
mat. Like DNA in molecular biology, FASTA/FASTQ files are the raw material for the 
beginning of the process. As described throughout this textbook, NGS platforms gen-
erate millions of short reads (70–500 bp in length) for each sample and for each run.

For simplicity and interchangeability, FASTA/FASTQ files are written to disk 
as standard text files in structured format [8]. The FASTA file is the most basic for-
mat and can be quickly used for sequence alignment queries like BLAST [9] when 
troubleshooting pipeline problems.

The FASTA format consists of just two lines. The first line is a comment or title 
to describe the read and always begins with a greater-than sign (>). The comment 
sections can be used to identify the sample that the read belongs to, the locus on the 
chip, or any other purpose that allows for downstream processing or later clarifica-
tion of derivation. The second line of a FASTA file is the entire sequence of bases 
represended by the read. No symbol is used to demarcate the sequence line.

The format for a FASTQ file is similar to that of the FASTA file with the excep-
tion that the FASTQ file allows for incorporating the quality score corresponding to 
each individual base. FASTQ file format predates NGS and was originally derived 
for use with automated Sanger sequencing tracing analyzers, which were used for 
the Human Genome Project [10]. The now well-established quality component of 
the FASTQ file is derived from the original Phred quality score (Phred+33) devel-
oped to determine the probability that the base was accurately called during auto-
mated Sanger sequencing interpretation. The PHRED quality score scale has been 
retained for use with NGS. However, due to the difference between signal analy-
sis for NGS compared to Sanger sequencing and the variation among NGS instru-
ments, the quality score must be recalibrated for specific instruments. Regardless 

Example of FASTA file format
> This is a FASTA file
TTGAACACAATGGAATTATCCTTCCTATGCCCAGCATACTCAGAAGAG 

GCATAGGACAATGGTTTCTAAAGAAAAAAACCACGCTAGACAAAACT 
GATGC
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of the sequencing technique, the PHRED quality score allows for a wide range of 
probability predictions, over 94 orders of magnitude, for the accuracy of a base call 
[10–12]. The information is subsequently utilized by downstream processes.

The structure of the FASTQ file, like the FASTA, is plain text. In the case of the 
FASTQ, four lines are used instead of two. Lines 1 and 2 are perfectly analogous 
to the FASTA file with the only exception being that the line 1 begins with the 
“at” sign “@.” The third line in FASTQ is another comment or title line that often 
matches line 1 for the same file. Instead of an “@” to begin the line, the third line 
starts with a plus sign “+.” Line 4 is the Phred score for each individual base. Thus, 
the length of line 4 will always match the length of line 2. The symbols used for line 
4 are single symbol representations for a number from 0 to 93 using the American 
Standard Code for Information Interchange (ACSII) symbols 33 to 126, which is a 
standardized way of representing numeric data with one character per number.

Each FASTQ file represents a set of individual reads sequenced on an NGS run. 
All reads for a sample are merged (concatenated) into a single file to represent mil-
lions of individual reads. This concatenated file is the raw file that enters the pipe-
line for analysis in almost all modern clinical NGS sequencing operations.

 Alignment

Once a FASTQ file is generated, the next major step is to align each individual read 
to a reference genome. Alignment, or converting random assortments of FASTQ 
files to reads that are fully aligned to a reference genome, corresponds to transcrip-
tion of DNA to RNA in our analogy to the Central Dogma. The alignment pro-
cess transforms one data structure into another. When the reference sequence is 
unknown, a complutationally intensive process known as ‘de novo assembly’ can be 
used to convert short sequence reads to larger genomic sequences [13].

The alignment process of the pipeline is one of the most computationally “expen-
sive” components of most pipelines. To conceptualize the complexity of sequence 
alignment, imagine that you have a random sequence of numbers that is 3.1 billion 
numbers long. You then have several million short sequences of numbers about 100 

Example of FASTQ file format
@ This is a FASTQ file
TTGAACACAATGGAATTATCCTTCCTATGCCCAGCATACTCAGAAGAG 

GCATAGGACAATGGTTTCTAAAGAAAAAAACCACGCTAGACAAAACT 
GATGC
+Below is the quality of the bases above
efcfffffcfeefffcffffffddf`feed]`]_Ba_^__

[YBBBBBBBBBBRTT\]][]dddd`ddd^dddadd^BBBBBBBBBBBBBBB
BBBBBBBBB
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numbers long that you must match somewhere in the 3.1 billion numbers. You must 
search for the location where these short sequences match and repeat this each time 
for each short sequence. What makes it even more complicated is that the short 
sequences do not always have an exact place in the larger sequence. Even worse is 
that some of the smaller sequences are split and one-half matches one part of the 
large sequence and the other half matches another area, and one must consider that 
some of the numbers may not be accurate. It would take several lifetimes for one 
person to complete this task just once.

Fortunately, this is a class of problems that had previously been considered in com-
puter science long before NGS was invented, and several robust solutions emerged 
early on in the development of NGS [14–18]. The Burrows-Wheeler  Alignment 
(BWA) tool, an open source tool, has withstood the test of time and remains among 
the most popular and robust alignment algorithms used in large-scale clinical 
sequencing operations [19–21]. Many additional strategies for aligning reads to the 
reference genome exist and are in development that employ different strategies for 
alignment that optimize for different sizes of reads or for speed of alignment [22]. 
The bioinformatics specialist and laboratory director should consider the specific 
needs of the laboratory to choose the preferred alignment algorithm.

 BAM/SAM

The standard output file of an alignment algorithm is the Sequence Alignment/Map 
(SAM), almost always transformed to the binary format Binary Alignment/Map (BAM) 
[23]. Other alignment file formats are being considered but have not had wide adop-
tion. The SAM/BAM, like mRNA in molecular biology, is the intermediate data step 
in pathway to completion of the bioinformatics pipeline. The BAM file is most well-
known to the non-bioinformatician as the file type that allows for aligned visualization 
of NGS data in genome browsers like the Integrative Genomics Viewer (IGV) [24]. 
Thus, the BAM file is the first data output that allows for manual human interpretation.

The data structure of the SAM/BAM file is written to disk as a standardized text 
file format. Instead of each data element being separated by individual lines, the text 
is tab delimited. The first portion of the SAM/BAM file is called the header. The 
header contains important information about the data in the file, such as the version 
of the format, information about the reference sequence used, information about the 
software that was used, etc. None of these fields are required, and each section is 
identified by an “at” sign (@), and a series of standardized two-letter codes are used 
to inform of the data type being entered (e.g., PN for program name).

The second and much larger component of the SAM/BAM file is the alignment 
section. Each line of the alignment section refers to an individual mapped read, and 
specific fields are required for each mapped read. The most updated information 
about SAM/BAM files can be found at http://samtools.github.io/hts-specs/SAMv1.
pdf (last accessed June 2018). Additional, nonstandard SAM/BAM fields can be 
added to a standard SAM/BAM if required by the laboratory’s pipeline.

C. Vanderbilt and S. Middha
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We will focus on a few of the granular details to illustrate the flexibility of the 
SAM/BAM format. First, it is important to remember that the essential informa-
tion from the FASTQ file of each read is retained in the SAM/BAM file such 
that the sequence and Phred base quality score can be extracted from a SAM/
BAM file and is stored in fields 10 and 11, respectively. The remaining addi-
tional information contained within the SAM/BAM file is related to the metrics 
determined by the alignment algorithm, including the position in the reference 
sequence that the read is aligned to (field 4) and the mapping quality score (field 
5). The mapping quality score is also measured on the same Phred scale as the 
base calling quality score. It is important to distinguish between these two qual-
ity scores because the two different quality scores play markedly different roles 
in variant calling.

The other important element within a SAM/BAM file is the CIGAR string (field 
6). CIGAR is a compact notation to allow representation of multiple possible out-
comes for a sequence as a relationship to the reference sequence. The code embed-
ded within the CIGAR string informs any variations from reference, including 
insertions, deletions, mismatches, and soft-clipped bases. Briefly, soft-clipped bases 
are bases that are present at the end of a read but are not present in the reference. 
Soft-clipped bases can represent base calling error from the sequencer at the end of 
the read or can also represent a structural variant where a portion of the read aligns 
to the reference in two separate parts of the genome.

 Variant Calling

Variant calling is the ultimate goal of the bioinformatics pipeline, much like protein 
generation is the end goal in the Central Dogma. As the field of NGS bioinformat-
ics analysis has matured, greater emphasis has been laid on the downstream steps 
of pipeline including variant calling and efficient annotation. These variant callers 
utilize different underlying statistical algorithms like Bayesian or Hidden Markov 
models. Sorted and indexed BAM files are the most common input file for variant 
callers. As we will discuss in the final section of this chapter, NGS allows for a 
wide array of DNA and RNA variant type detection from a BAM file. However, the 
current standard for clinical NGS is that clinical laboratories have robust pipelines 
for the detection of single-nucleotide variants (SNVs) and small insertion/deletion 
events (indels) that are 21 base pairs or less in length.

Before a BAM file can be utilized for variant calling, the file must be processed. 
Several BAM file processing packages exist that are open access. The most com-
monly used packages in clinical sequencing are SAMTools, Picard, and GATK [23, 
25]. These packages also have variant calling components, which we will discuss 
separately. Various quality metrics, such as average coverage and sample-level base 
quality assessments, are calculated and documented prior to variant calling. These 
tools also ensure that the reads are consistently reflecting the correct base pair 
throughout the entire genomic region of interest. Most modern pipelines employ 
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a realignment tool before variant calling to correct any minor errors the alignment 
algorithm did not resolve, particularly in areas where indels or complex variants 
exist [26]. Variant calling is typically performed on individual samples. In pipelines 
that incorporate a paired tumor-normal sample for somatic variant detection, the 
variants called on each sample are compared, and presumed germline variants are 
dropped in the annotation phase. The utilization of a matched normal sample allows 
identification of true somatic variants present only in the tumor sample with con-
firmed absence in the normal.

The most common strategy for SNV and indel variant calling is to traverse 
the genomic regions of interest, “walking” the algorithm in a single direction 
 documenting the pileup (all documented base calls from all reads that represent a 
genomic base pair) at each genomic base position. The threshold for calling a vari-
ant is user determined and generally optimized such that the variant caller does not 
report every bit of sequencing noise. Noise refers to the inherent amount of incor-
rect base calls that will be called when sequencing many reads at a high depth of 
coverage.

Clinical NGS platforms have required Phred base quality score to be greater 
than 30. At a Phred score of 30, we expect the sequencer to incorrectly call a base 
every 1000 attempts. When we sequence to a depth of coverage (DOC) of 500–1000 
reads, which is standard for most somatic NGS laboratories, we expect that, on 
average, we will have an inaccurate base at nearly every genomic position. It would 
be very inefficient if the variant caller documented every genomic position with 1–5 
reads that do not match reference, because we expect this to occur just by chance. 
These randomly occurring variations from reference are often well below the vari-
ant allele fraction (VAF) that clinical assays are validated to detect variants. It is far 
more efficient to allow the variant caller to ignore these random errors and focus on 
genomic regions with many reads that deviate from reference.

We have included a semi-comprehensive list of SNV and indel variant calling 
algorithms that are available for open-source use (Table 4.1). It is important to note 
that each of these algorithms have their own strengths and weaknesses. This makes 
choosing an appropriate variant calling algorithm challenging [27]. A common 
strategy that has emerged to overcome this problem is to use multiple separate algo-
rithms and allow the outputs of the individual algorithms to converge in one Variant 
Call Format (VCF) file. Any major discrepancies among the variant calling algo-
rithms can then be resolved by a bioinformatics analyst or molecular pathologist at 
the time of sign out. This strategy assures that the pipeline does not miss variants 
due to idiosyncrasies of the individual variant calling algorithm.

 Variant Call Format (VCF) File

The VCF file is the end product of the bioinformatics pipeline and thus repre-
sents the end product (protein in our analogy to the Central Dogma). The VCF file 
was initially developed to support the 1000 genomes project [28], allowing for a 
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standardized format of documenting human genome polymorphisms. The VCF for-
mat has evolved and is now the standard format for all NGS sequencing, including 
germline and somatic testing. Compared to the FASTQ and BAM files, the VCF is a 
much more manageable size (generally megabytes instead of gigabytes) and allows 
for documentation of single-nucleotide variants, insertion/deletion event, and struc-
tural variants.

The VCF, like the other formats, is standardized as a text file. The format of 
the text file allows the conversion of the generated VCF file to be efficiently incor-
porated into the database of the laboratory [29]. Indexing the data into a database 
allows for efficient storage and retrieval of the variant information for purposes of 
representing the data for clinical sign-out, quality control, or data mining.

Like the FASTA/FASTQ and BAM files, the first component of the file is a label 
that contains information related to the sample specimen, sequencing run, and soft-
ware used to generate the file. In the VCF file, the label is referred to as the “header,” 
and each line representing the header starts with the symbols double-hash sign (##). 
The final line of the header is demarcated by single-hash sign (#). This line is tab 
delimited with the essential components for identifying the various forms of varia-
tion. Essential elements included in all VCF files are the chromosome position and 

Table 4.1 List of common algorithms with online resources and source code repositories for the 
most common bioinformatic components of a standard clinical bioinformatics pipeline

Alignment algorithms
Burrows-Wheeler Alignment tool 
(BWA)

https://github.com/lh3/bwa [19–21]

Bowtie https://github.com/BenLangmead/bowtie
Novalign http://www.novocraft.com/products/

novoalign/
SOAP2 http://soap.genomics.org.cn/soapaligner.html
ABRA https://github.com/mozack/abra [26]
BAM/SAM analysis and editing software
SamTools http://samtools.github.io/ [23]
GATK https://github.com/broadinstitute/gatk [25]
Picard https://github.com/broadinstitute/picard
FreeBayes https://github.com/ekg/freebayes
Integrated Genomic Viewer http://software.broadinstitute.org/software/

igv/
[24]

Variant Calling Software
MuTect https://github.com/broadinstitute/mutect
Vardict https://github.com/AstraZeneca-NGS/

VarDict
Pindel https://github.com/genome/pindel
SamTools http://samtools.github.io/ [23]
GATK https://github.com/broadinstitute/gatk [25]
Picard https://github.com/broadinstitute/picard
FreeBayes https://github.com/ekg/freebayes
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reference base(s) adjacent to the variant being described. The VCF file also has the 
capability of incorporating information from public databases, such as dbSNP or 
COSMIC, that allow for determining the potential clinical significance of variants. 
A complete list of standard/common fields for VCF files is provided. The remainder 
of the VCF file is referred to as the “body.” The body consists of the date from the 
samples with respect to the variants identified by the variant calling algorithm(s). 
Each line represents a single unique event.

 Variant Annotation and Prioritization

While the generation of the VCF file is the formal end of the standard bioinfor-
matics pipeline, like with protein translation, most laboratories incorporate post 
pipeline processing of the variants included in the VCF file. These steps vary 
widely by laboratory but often include steps to suppress recurrent, expected, or 
predictable sequencing artifacts and incorporate annotations of clinically relevant 
details and therapy-related recommendation. A commonly used, open-source 
algorithm employed for this purpose is ANNOVAR. ANNOVAR can incorporate 
multiple annotation databases to exclude variants not implicated in changes in 
coding sequence or that are common germline single-nucleotide polymorphism. 
ANNOVAR remains fully supported and regular updates are available for down-
load [30].

Often laboratories will save variant annotations from prior cases for common 
variants that are modifiable depending on the tumor type or clinical situation. As an 
example, the BRAF p.V600E variant has an FDA-approved therapy for melanoma, 
but, when the variant occurs in colon cancer, the variant does not have a specific, 
FDA-approved targeted therapy. Thus, annotations must rely on curated clinical 
inputs, such as tumor type, to maintain robust clinical accuracy. In the germline 
setting, ClinVar is commonly used for variant annotation data from the database 
which can be automatically incorporated into report [31]. Publicly available curated 
annotations for somatic mutations are also available [32, 33].

Beyond annotation, tools to predict putative effect of genomic mutations are also 
frequently used to prioritize results. Common among those are SIFT, PolyPhen, and 
aggregator tools like REVEL and MetaSVM that facilitate seamless prioritization 
of genomic mutations to ascertain pathogenicity or disruption of protein function. 
These are critical to optimize review time.

 Regulatory Considerations

NGS was rapidly adopted into the clinical laboratory at a time when the bioinfor-
matics techniques were not fully mature or standardized. The data size and com-
plexity employed with NGS had never previously been utilized for routine clinical 
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reporting [34]. For many laboratories, the pipelines that were used for nonclini-
cal research tests were repurposed for the clinical laboratory. The rigor required 
for proper validation of diverse software application was not initially appreciated. 
While many laboratories completed complex and comprehensive validations, sys-
tematic studies of bioinformatics pipelines showed that interlaboratory variant call-
ing agreement was poor for specific variant types [35].

Over time clinical guidelines for clinical testing have been established for the entire 
NGS process, including bioinformatics [36, 37]. Subsequently, The Association for 
Molecular Pathology (AMP), American Medical Informatics Association (AMIA), 
and the College of American Pathologists (CAP) collaborated to  recommend a list 
of best practices that are specific to the bioinformatic component of the NGS assay 
[38]. All of these reference documents are valuable to the practitioner looking to 
establish or improve the bioinformatics processes in the NGS laboratory but are not 
currently binding from a regulatory perspective.

These guidelines can be read in more detail, but we will summarize here. 
Bioinformatics analysis should be considered a component of the laboratory test 
and be implemented and validated as one would consider any “wet lab” component 
of a laboratory test. The laboratory director is ultimately responsible for the results 
that are generated by the bioinformatics pipeline and should evaluate and approve 
all components of the process. If the laboratory director does not have the requisite 
training or knowledge to adequately evaluate the robustness of the pipeline, she/he 
can appoint a trained bioinformatics specialist. Validation should be performed in 
the same computational environment that clinical testing will be performed on. The 
laboratory director should consider and comply with patient privacy laws relevant 
to local and national regulatory environment. Each individual file in the pipeline 
(FASTQ, BAM, VCF) should have appropriate patient labeling to ensure that data 
does not get lost or confused among other patient samples. Steps should be put in 
place to ensure that whenever files are transferred or compressed, those files are 
not truncated, which could result in inaccurate results. It should be kept in mind 
that these guidelines represent only expert opinion as the authors were not able to 
identify enough relevant published data to make recommendations based on empiric 
research. These guidelines will likely undergo modifications in the years to come.

CAP, which is the most commonly used “deemed agency” for fulfilling the 
requirements of Clinical Laboratory Improvement Amendments (CLIA) in the 
United States, understanding the specific challenges of bioinformatics, have estab-
lished in silico proficiency testing (PT), which is now a standard component of PT 
that NGS laboratories subscribe to as part of compliance with CLIA. In silico PT 
consists of FASTQ files that have been manually constructed to simulate mutations 
in the data. The files are distributed to individual laboratories and are to be treated 
as biological PT material. Laboratories must have the knowledge and capability to 
download the FASTQ files provided by CAP and allow for the pipeline to analyze 
the files in the same way that FASTQ files exported from the sequencing machine 
are analyzed. In silico PT allows regulatory agencies to customize challenges for 
pipelines that does not require the cost of obtaining biologic material with a specific 
profile and having to generate large batches for many laboratories [39, 40].
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 Advanced Applications

 Copy Number Alterations

Copy number alterations (CNA) are known to cause disease, and NGS allows 
finer granularity in detection of such abnormal number of copies of large genomic 
regions within a cell. Five distinct bioinformatics approaches to detect CNA have 
been previously summarized  – paired-end mapping, split-read mapping, read 
depth, and assembly-based and combinatorial approaches [41]. NGS bioinfor-
matics tools use different statistical models and thresholds based on one or more 
of these approaches to detect CNA. An additional feature utilizing variant allele 
fraction allows for much more efficient analysis of allele-specific copy number 
event from NGS data [42]. This bioinformatics algorithm allows for precise anno-
tation of homozygous/heterozygous deletions, copy-neutral loss of heterozygosity, 
and allele-specific gains/amplifications with standard hybridization capture NGS 
BAM files.

 Structural Variants

Structural variants (SV), or genomic rearrangements larger than 50  bp, play an 
important role in various diseases. However, identification and characterization 
of these variants remain challenging from NGS data, especially targeted sequenc-
ing panels. The complexity in calling SV is amplified in the poorly characterized 
human genomic regions like repeat regions and pseudogenes [43]. Similar to CNA, 
read- pairs, split-reads and assembly-based bioinformatics approaches are utilized 
for SV detection. Beyond automated analysis to identify SV, manual review of 
these events remains critical for confident vetting of these genomic events. Manual 
confirmation of SV is performed using visualization tools like Integrated Genomics 
Viewer (IGV) to confirm presence of split and paired reads supporting the genomic 
alteration.

 Microsatellite Instability

The ability to detect microsatellite instability (MSI) or mismatch repair-deficient 
(MMR-d) status using NGS data has recently been established. Essentially, the 
BAM files from aligned sequence reads from tumor and matched non-tumor sam-
ples are compared to identify statistically different alignments in microsatellite 
regions. The proportion of such microsatellite loci which deviate in the tumor is an 
indication of MSI. Clinical validations of NGS-based methods have been shown to 
perform similarly to standard PCR-based approaches [44].

C. Vanderbilt and S. Middha



67

References

 1. Hogeweg P.  The roots of bioinformatics in theoretical biology. PLoS Comput Biol. 
2011;7:e1002021.

 2. Luscombe NM, Greenbaum D, Gerstein M. What is bioinformatics? A proposed definition and 
overview of the field. Methods Inf Med. 2001;40:346.

 3. Mantione KJ, Kream RM, Kuzelova H, Ptacek R, Raboch J, Samuel JM, et al. Comparing 
bioinformatic gene expression profiling methods: microarray and RNA-Seq. Med Sci Monit 
Basic Res. 2014;20:138–41.

 4. Bowie J, Luthy R, Eisenberg D. A method to identify protein sequences that fold into a known 
three-dimensional structure. Science. 1991;253:164–70.

 5. Jones MB, Schildhauer MP, Reichman OJ, Bowers S.  The new bioinformatics: integrating 
ecological data from the gene to the biosphere. Annu Rev Ecol Evol Syst. 2006;37:519–44.

 6. Wang X, Liotta L.  Clinical bioinformatics: a new emerging science. J Clin Bioinform. 
2011;1:1–3.

 7. Belmont JW, Shaw CA. Clinical bioinformatics: emergence of a new laboratory discipline. 
Expert Rev Mol Diagn. 2016;16:1139.

 8. Mills L. Common file formats. Curr Protoc Bioinformatics. 2003;45:A.1B.1–18.
 9. Ye J, McGinnis S, Madden TL. BLAST: improvements for better sequence analysis. Nucleic 

Acids Res. 2006;34:W6–9.
 10. Cock PJ, Fields CJ, Goto N, Heuer ML, Rice PM.  The Sanger FASTQ file format for 

sequences with quality scores, and the Solexa/Illumina FASTQ variants. Nucleic Acids Res. 
2010;38:1767–71.

 11. Ewing B, Green P. Base-calling of automated sequencer traces using Phred. II. Error prob-
abilities. Genome Res. 1998;8:186–94.

 12. Ewing B, Hillier L, Wendl MC, Green P.  Base-calling of automated sequencer traces 
UsingPhred. I. accuracy assessment. Genome Res. 1998;8:175–85.

 13. Baker M. De novo genome assembly: what every biologist should know. Nat Methods. 
2012;9:333.

 14. Burrows M, Wheeler DJ.  A block-sorting lossless data compression algorithm. Palo Alto: 
Digital Equipment Corporation; 1994.

 15. Eaves HL, Gao Y. MOM: maximum oligonucleotide mapping. Bioinformatics. 2009;25:969–70.
 16. Campagna D, Albiero A, Bilardi A, Caniato E, Forcato C, Manavski S, et al. PASS: a program 

to align short sequences. Bioinformatics. 2009;25:967–8.
 17. Li H, Durbin R. Fast and accurate short read alignment with Burrows–Wheeler transform. 

Bioinformatics. 2009;25:1754–60.
 18. Li H.  Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. 

arXiv. 2013.
 19. Pritchard CC, Salipante SJ, Koehler K, Smith C, Scroggins S, Wood B, et al. Validation and 

implementation of targeted capture and sequencing for the detection of actionable mutation, 
copy number variation, and gene rearrangement in clinical cancer specimens. J Mol Diagn. 
2014;16:56–67.

 20. Frampton GM, Fichtenholtz A, Otto GA, Wang K, Downing SR, He J, et al. Development 
and validation of a clinical cancer genomic profiling test based on massively parallel DNA 
sequencing. Nat Biotechnol. 2013;31:1023–31.

 21. Cheng DT, Mitchell TN, Zehir A, Shah RH, Benayed R, Syed A, et  al. Memorial Sloan 
Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT): a 
hybridization capture-based next-generation sequencing clinical assay for solid tumor molecu-
lar oncology. J Mol Diagn. 2015;17:251–64.

 22. Mu JC, Jiang H, Kiani A, Mohiyuddin M, Asadi N, Wong WH. Fast and accurate read align-
ment for resequencing. Bioinformatics. 2012;28:2366–73.

 23. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/
map format and SAMtools. Bioinformatics. 2009;25:2078–9.

4 Role of Bioinformatics in Molecular Medicine



68

 24. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative 
genomics viewer. Nat Biotechnol. 2011;29:24–6.

 25. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome 
Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing 
data. Genome Res. 2010;20:1297–303.

 26. Mose LE, Wilkerson MD, Hayes ND, Perou CM, Parker JS. ABRA: improved coding indel 
detection via assembly-based realignment. Bioinformatics. 2014;30:2813–5.

 27. Liu X, Han S, Wang Z, Gelernter J, Yang B-Z. Variant callers for next-generation sequencing 
data: a comparison study. PLoS One. 2013;8:e75619.

 28. Consortium 1000. An integrated map of genetic variation from 1,092 human genomes. Nature. 
2012;491:56–65.

 29. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. The variant call 
format and VCFtools. Bioinformatics. 2011;27:2156–8.

 30. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from 
high-throughput sequencing data. Nucleic Acids Res. 2010;38:e164.

 31. Landrum MJ, Lee JM, Benson M, Brown G, Chao C, Chitipiralla S, et  al. ClinVar: public 
archive of interpretations of clinically relevant variants. Nucleic Acids Res. 2016;44:D862–8.

 32. Chakravarty D, Gao J, Phillips S, Kundra R, Zhang H, Wang J, et al. OncoKB: a precision 
oncology knowledge base. JCO Precis Oncol. 2017;2017:1–16.

 33. Ramos AH, Lichtenstein L, Gupta M, Lawrence MS, Pugh TJ, Saksena G, et al. Oncotator: 
cancer variant annotation tool. Hum Mutat. 2015;36:E2423–9.

 34. Roy S, LaFramboise WA, Nikiforov YE, Nikiforova MN, Routbort MJ, Pfeifer J, et al. Next- 
generation sequencing informatics. Arch Pathol Lab Med. 2016;140:958–75.

 35. Davies KD, Farooqi MS, Gruidl M, Hill CE, Woolworth-Hirschhorn J, Jones H, et al. Multi- 
institutional FASTQ file exchange as a means of proficiency testing for next-generation 
sequencing bioinformatics and variant interpretation. J Mol Diagn. 2016;18:572–9.

 36. Gargis AS, Kalman L, Lubin IM. Assuring the quality of next-generation sequencing in clini-
cal microbiology and public health laboratories. J Clin Microbiol. 2016;54:2857–65.

 37. Jennings LJ, Arcila ME, Corless C, Kamel-Reid S, Lubin IM, Pfeifer J, et  al. Guidelines 
for validation of next-generation sequencing–based oncology panels. A Joint Consensus 
Recommendation of the Association for Molecular Pathology and College of American 
Pathologists. J Mol Diagn. 2017;19:341–65.

 38. Roy S, Coldren C, Karunamurthy A, Kip NS, Klee EW, Lincoln SE, et al. Standards and guide-
lines for validating next-generation sequencing bioinformatics pipelines a joint recommenda-
tion of the Association for Molecular Pathology and the College of American Pathologists. J 
Mol Diagn. 2018;20:4.

 39. Duncavage EJ, Abel HJ, Pfeifer JD. In silico proficiency testing for clinical next-generation 
sequencing. J Mol Diagn. 2017;19:35–42.

 40. Duncavage EJ, Abel HJ, Merker JD, Bodner JB, Zhao Q, Voelkerding KV, et al. A model study 
of in silico proficiency testing for clinical next-generation sequencing. Arch Pathol Lab Med. 
2016;140:1085–91.

 41. Zhao M, Wang Q, Wang Q, Jia P, Zhao Z. Computational tools for copy number variation 
(CNV) detection using next-generation sequencing data: features and perspectives. BMC 
Bioinformatics. 2013;14:1–16.

 42. Shen R, Seshan VE. FACETS: allele-specific copy number and clonal heterogeneity analysis 
tool for high-throughput DNA sequencing. Nucleic Acids Res. 2016;44:e131.

 43. Guan P, Sung W-K. Structural variation detection using next-generation sequencing data: a 
comparative technical review. Methods. 2016;102:36–49.

 44. Middha S, Zhang L, Nafa K, Jayakumaran G, Wong D, Kim HR, et al. Reliable pan-cancer 
microsatellite instability assessment by using targeted next-generation sequencing data. JCO 
Precis Oncol. 2017:1–17.

C. Vanderbilt and S. Middha



69© Springer Nature Switzerland AG 2020 
L. J. Tafe, M. E. Arcila (eds.), Genomic Medicine, 
https://doi.org/10.1007/978-3-030-22922-1_5

Chapter 5
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Technical Terms and Abbreviations

ACMGG           American College of Medical Genetics and 
Genomics

AMP           Association for Molecular Pathology
Genomic test           A laboratory test that interrogates numerous 

genes or regions of genes at the same time
HGNC           HUGO International Ltd. Gene Nomenclature 

Committee
HUGO          Human Genome Organisation
Next generation sequencing (NGS)  A diagnostic tool to determine the genetic 

sequence of numerous genes or regions of genes 
at the same time

VUS           Variant of unknown significance
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 Introduction

Interpretation of genomic tests is fundamentally different than other molecular tests 
typically ordered to analyze individual genetic alterations. Genomic tests cover sev-
eral or many genes (gene panels), the exome, or the whole genome and have the 
potential to identify multiple variants at the same time. The person ordering the test 
should be familiar with the assay and specify the reason for ordering the tests. The 
most common reasons to order a genomic report are to evaluate germline (inherited) 
conditions and somatic (acquired) mutations in neoplasia. These tests need compli-
cated analysis pipelines (the dry bench) to analyze the data generated, and these 
pipelines change depending on the indication for testing. Also, several different soft-
ware applications are needed to detect, annotate, and categorize each variant. After 
evaluation of this information, a decision is made to determine if the variant detected 
has clinical significance or not, a step that also requires database inquiries. The 
description of each step during the detection and evaluation of each variant and the 
decision process before reporting are beyond the scope of this chapter, and the reader 
is referred to the Next Generation Sequencing and Bioinformatics chapters for these.

Finally, the American College of Medical Genetics and Genomics (ACMGG) and 
the Association for Molecular Pathology (AMP) have developed joint consensus guide-
lines and recommendations for reporting and interpretation of sequence variants [9, 10] 
and incidental findings [11, 12]. The reader is encouraged to review these and to peri-
odically check for updates, since the molecular genetics field is evolving rapidly.

 Reporting Sequence Variants

 Elements of the Molecular Pathology Report

The molecular pathology report contains multiple headers, each with different, but 
relevant information (Table  5.1). As recommended by The College of American 
Pathologists (CAP) [13], a molecular report should have seven elements, which 
include the identifiers, results, interpretation, comments, procedure, demographic 
information, and billing information (Table 5.1). It is important to note that each 
laboratory might include the elements of the report in different sections and might 
not follow this exact order.

Key Points
• Genomic tests cover gene panels, the exome, or the whole genome.
• Genomic reports are different than other molecular genetic test reports and 

require understanding of the reportable elements.
• Familiarity with The Human Genome Variation Society standards (HGVS) 

for human nomenclature is recommended.
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Identifiers Section This section includes the name of the laboratory, its 
address, phone and fax, email, and website. It should also include the patient’s 
name, an identifier like medical record or specimen number, date of birth, spec-
imen collection time and date, date of accession in the laboratory (and an acces-
sion number), and the source of the specimen and how it was received (FFPE, 
fresh, etc.). Demographic information includes the name of the patient, acces-
sion number, referring clinician, location, indications for testing, and relevant 
clinical history.

Results The results section should include the name of the test and clearly states 
the result in a concise manner. It should also state the results expected in a normal 
individual. When abnormal results are identified, the results should be reported 
using the standardized genome nomenclature as set by the Human Genome 
Organisation (HUGO) International Ltd. Gene Nomenclature Committee (HGNC).

Interpretation This section includes the analytical interpretation, the clinical 
interpretation, the analytical sensitivity, and the clinical sensitivity. The analytical 
interpretation entails interpreting the raw data and producing a result, i.e., trans-
forming the data to usable information. The clinical interpretation refers to the act 
of integrating what the analytical data means to the specific patient or to the general 
population. The analytical sensitivity is the ability of the test to detect the molecular 
event or mutation, and the clinical sensitivity is how well the assay predicts the 
associated disease.

Comment The comment should be used to explain, in a concise manner, aspects of 
the assay that might be relevant to the patient. These might include additional recom-
mendations, limitations of the specimen (like decalcified tissue), percent tumor con-
tent, pertinent interfering substances, limitations of the test performed, or any other 
additional information that the person interpreting the results deems appropriate.

Procedure This is a very important part of the report, and it is often overlooked. 
This section includes the type of procedure that was performed (next generation 
sequencing, PCR, etc.), the target (using HUGO nomenclature) or analyte, how it 
was developed (laboratory developed test or FDA approved), and disclaimers.

Billing information: Each test should include a CPT code and ICD-9 or ICD-0 for 
the test.

Table 5.1 Elements of a Genomic Report [13] Caption

Header Body

Disclaimers, 
recommendations, and 
references

Identifiers: patient’s name (first, middle, 
and last names); hospital ID or medical 
record number; date of birth; date of 
specimen collection; ordering healthcare 
provider; specimen source and indication 
for testing

Results using tiered 
system; interpretation; 
comment clinical trials 
(for somatic tests)
Targeted therapies (if 
any)

Procedure
Technical limitations
Billing information 
(CPT code and ICD9 or 
ICD10 code)
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 Elements Unique to Genomic Reports

Genomic reports have unique elements, due to their complexity. They have a more 
universal reporting and have additional sections that might not be included in a 
conventional molecular pathology report. They are also stricter in the nomenclature 
and the definitions on how to report variants, the most important being the addition 
of the variant classification guidance. A sample report is provided in Fig. 5.1.

 Variant Categorization

Categorization of sequence variants involves determining their clinical significance. 
It is dependent on whether the test was ordered to analyze germline mutations, 
somatic mutations, or copy number variants [9, 10, 14]. For germline mutations, the 
main purpose is to determine if a given variant within a gene is pathogenic for that 
disorder [9] or not or if there is insufficient information to determine this. Of note, 
the guidelines for germline mutations only apply to Mendelian (inherited) disorders 
and do not apply to somatic variants, pharmacogenomics, or complex or multigenic 
disorders. In somatic mutations, interpretation of the variant is based on the effect 
in clinical care [10], and characterization may depend if the variant has diagnostic, 
prognostic, or therapeutic implications.

Germline mutations are classified as “pathogenic,” “likely pathogenic,” “uncertain 
significance,” “likely benign,” and “benign” according to two sets of criteria as provided 
by the ACMGG. Each set of criteria is defined by combining a set of rules to classify 
each variant [9]. The two sets of criteria include (1) the classification of pathogenic and 
likely pathogenic variants and (2) the categorization as benign or likely benign. Each 
criterion has an assigned score, and these are added to provide a classification (Table 5.2).

Somatic mutations are categorized depending on clinical importance (therapeu-
tic, diagnostic, or prognostic), and each of these is graded depending on the amount 
of information available (levels A to D) [10]. Depending on the available informa-
tion, these are separated into tiers: Tier I for variants with level A or B evidence, Tier 
II for level C or D, Tier III for variants of unknown clinical significance, and tier IV 
for being or likely benign variants (Table 5.3).

 Gene and Sequence Variant Nomenclature

Understanding the nomenclature used in molecular reports is essential to effectively 
communicate the findings on the analysis of a genome. A standard gene and gene 
variant nomenclature should be used in all reports as established by the Human 
Genome Organisation (HUGO) and the Human Genome Variation Society (HGVS). 
The HUGO sets the standards for human nomenclature. The HUGO Gene 
Nomenclature Committee (HGNC) approves a unique name for every known human 
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Your institution's Name and logo Phone Number
Age:

Gender:

Birth Date:

Patient’s name:

Patient’s ID:

Somatic Mutation Next Generation Sequencing Report: Solid Tumor 15 Gene Panel

Provided Diagnosis: Lung adenocarcinoma

Sample location: Lymph node

Results Summary:

Variants of Strong Clinical Significance (Tier I): EGFR c.2573T>G (p.L858R)

Clinical significance: Drug response

Variants of Potential Clinical Significance (Tier II): None

Variants of Unknown Significance (Tier Ill): None

Benign or Likely Benign Variants (Tier IV): None

Interpretation: Approximately 35% of patients with lung adenocarcinoma have a mutation in the EGFR
gene. Mutations in EGFR result in activation of the RAS/MAPK signaling pathway and patients with this
mutation may respond to tyrosine kinase inhibitors and/or EGFR targeted therapies.

Clinical trials: Possible clinical trials that may benefit this patient can be found at Clinicai Trials.gov.

Procedure: Solid Tumor Mutation Panel by Next Generation Sequencing
Performance characteristics: This tests was developed to detect sequence variants in multiple cancer-
related genes thai may have diagnostic, therapeutic and/or prognostic utility. Targeted next generation
sequencing is performed to detect hotspot variants in 15 cancer-related genes including: AKT1, GNA 11,
NRAS, BRAF, GNAQ, PDGFRA, EGFR, KIT, PIK3CA, ERBB2, KRAS, RET, FOXL2, MET, and TP53. A
full list of all targeted regions within the above genes is available upon request or through our website.

Methodology: Genomic DNA is isolated from paraffin embedded tissue and enriched by microdissection,
when needed. The targets are enriched and sequenced using (your vendor of choice) and analyzed using
(software of choice) and the version.

Limit of detection: Approximately 5% variant allele for SNV and approximately 10% for indels
Analytical sensitivity: Analytical sensitivity for all variant classes is available upon request or through our
website.
Clinical disclaimer: This results should be interpreted using all available clinical and laboratory data and
should not be used in isolation to diagnose a malignancy.
Billing: CPT code

References: Nat Rev clin. Oncol. 2011 Aug 23;8(11):661-8

Technical limitations: This test will not detect variants in areas outside the targeted genomic regions or
below the limit of detection determined by our laboratory. This assay does not detect copy number
alterations, translocations, microsatellite instability. it has been shown to detect >99% of single base
substitutions and >90% of insertions/deletions (up to 15 bp) at an allele frequency of >5%. A negative
result does not exclude a variant that falls below the detection levels of this assay. Additional testing
might be indicated to determine the presence of copy number variations or rearrangements. This assay
will not detect minimal residual disease. This assay cannot not distinguish between germline variants or
germline variants. lf a germline variant is suspected, genetic counseling and additional testing might be
indicated. Variants might not be identified in pseudogenes, homologous regions and/or low map ability
regions.

Fig. 5.1 Example of a clinical report containing key report elements
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genome [15], and these are available from the HGNC website [3]. In general, clinical 
reports follow these naming criteria. However, there are some alternate gene names 
that are used in the literature, and this naming is retained in clinical reports due to the 
clinical familiarity of the terminology. Notable examples are HER2 and MLL2 
which are the non-approved names for the ERBB2 and KMT2A genes, respectively.

The sequence variant nomenclature in reports should follow the recommenda-
tions of the HGVS [7]. All variants should be described at the DNA level, and a 

Table 5.2 Interpreting Genomic Reports for Germline mutations [9]

Result 
category Meaning Clinical implication

Pathogenic or 
likely 
pathogenic 
variantsa

Disease causing or 
related to the specific 
genotype

Genetic counseling and discussion of implications to 
other family members and recurrence risks is 
indicated

Variants of 
uncertain 
significance

A sequence that differs 
from the general 
population, but its 
meaning is not well 
understoodb

Use for clinical decision making is not recommended; 
consider referral to genetic counseling; periodic review of 
the literature and online gene archives to see if additional 
information has been gathered; a mutation in this 
category might be reclassified as more information on its 
significance is accumulated. Some laboratories might 
reevaluate the significance at a later date, if requested

Secondary 
mutations

This includes variants 
that were found 
incidentally and not 
necessarily are related 
to the disease for which 
the test was ordered

Consider referral to genetic counseling; this results 
category may vary by laboratory and some 
laboratories might exclude from the report
Current guidelines recommend reporting incidental 
findings for 56 diseases [11, 12]
This category may vary by laboratory [18, 19]; Some 
laboratories might evaluate the data at a later date, if 
requested

Negative 
results and 
benign 
variantsc

A negative result does 
not equate with 
complete absence of 
genetic abnormality

If the clinical suspicion for a specific disease is high, 
consider evaluation by other means or expanding the 
test panel to include other genes that might be 
involved in the disease process and might not be 
covered by the test ordered
If suspicion for a specific disease is low or was a general 
multi-gene panel, you can perform periodic review of the 
literature and/or online gene archives to see if additional 
information has been gathered. Some laboratories might 
evaluate the data at a later date, if requested

aIf there is strong evidence for disease causation, the variant will be designated as pathogenic. If 
there is not enough evidence, it might be classified as likely pathogenic
bA mutation might be classified as a variant of unknown significance if the effect on the function 
of the gene is unknown or if there is insufficient information to confirm that the specific change is 
causing the disease or risk of developing the disease. Patients from non-Caucasian ethnic groups 
might have an increased probability of VUS detection if their genetic composition has not been 
well characterized
cNegative results might be reported as “normal” or “not detected” depending on the laboratory. 
Benign variants might not be reported
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prefix should be used to indicate the reference sequence that was used (Table 5.4). 
Variants are described according to several classes such as substitution, deletion, 
insertion, inversion, and duplication. Important class definitions and examples of 
variant descriptions are included in Table 5.5. To describe a specific variant, reports 
must also include the reference sequence used to describe what is observed. Next 

Table 5.3 Interpreting Genomic Reports for Somatic mutations [10]

Result category Meaning Clinical implications

Variant of 
strong clinical 
significance 
(Tier I)

Disease causing, prognostically 
significant, or FDA-approved 
therapies exist for the specific 
variant for a specific tumora

These are well documented variants that 
indicate a disease-causing variant, 
prognostically significant variants, or 
variants with approved therapies

Variants of 
potential 
clinical 
significance 
(Tier II)

Disease causing, prognostically 
significant, or FDA-approved 
therapies for tumor types other 
than the tumor being testeda or in 
early stages of evaluationa

Therapies and diagnostic or prognostic 
significance might be available for other 
tumor types, at early stages of 
investigation, only in very small studies 
or in preclinical trials

Variants of 
unknown 
clinical 
significance 
(Tier III)

No published data, the variant is 
not well represented in published 
databases or is a variant of 
unknown significanceb

There is insufficient information to make 
an informed clinical decision

Benign variants 
or likely benign 
variant (Tier 
IV)

Includes variants that are observed 
in the general population

If the suspicion for a disease-causing 
mutation is high, consider reevaluation 
by other means or expanding the test 
panel to include other genes or areas of 
the gene that might not be covered by the 
test ordered
If suspicion is low, additional test is not 
needed

Possible 
germline 
variant

A test designed to detect somatic 
mutations may detect a germline 
variant of clinical importance

This is an incidental finding that might 
necessitate additional testing to confirm 
the finding, genetic counseling, other risks 
to the patient, or discussion of possible 
implications to other family members

aIn multi-gene panels, a variant might be classified as Tier 1 or Tier 2 if there is insufficient informa-
tion provided to the laboratory (e.g., indicating a metastasis from colon as tumor of unknown primary)
bA mutation might be classified as a variant of unknown significance if the effect on the function 
of the gene is unknown or if there is insufficient information to confirm that the specific change is 
causing the disease or risk of developing the disease

Table 5.4 Prefix definitions for 
reference sequences

Prefix Definition Examplea

m. Mitochondrial DNA m.123A
g. Genomic g.123B
c. Coding DNA c.123C
n. Non-coding DNA n.123C
p. Protein p.Lys892Asn
r. RNA r.1234A

aThe number denotes the location from the first 
nucleotide of the reference sequence

5 Interpreting Genomic Reports
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generation sequencing reports will include the genomic DNA sequence denoted as 
“g” before the variant, a “c” for the coding DNA reference sequence, and a 
RefSeqGene or transcript [16].

Despite the existing guidelines, depending on the technology utilized, the degree 
of curation, and manual review of the data, there can be variability on how muta-
tions are reported. A notable example where variability may be seen is in the 
description of insertions and duplications in EGFR and ERBB2. ERBB2 
(NM_004448) exon 20 p.Y772_A775dup (c.2313_2324dupATACGTGATGGC), for 
example, may be reported as p.A775_G776insYVMA (c. 2324_2325insATACGT-
GATGGC) to reflect how it is most commonly reported in the literature. There are 
several resources online which may be helpful in decoding these alternate nomen-
clature uses. A helpful resource is the Mutalizer website [6] to help with syntax 
checks and position conversions.

 Mutation, Polymorphism, and Variants

Clinical reports commonly describe the detected genetic changes as mutations, vari-
ants, or polymorphisms. Mutations represent a change in the DNA sequence com-
pared to the reference germline sequence and are often interpreted as a 
“disease-causing” change. A polymorphism is also a change in DNA sequence that 
is used both to indicate “a non-disease-causing change” or a change found at a fre-
quency of 1% or more in the general population. Current guidelines, however, rec-
ommend the use of the neutral term “variant” or others such as “sequence variant,” 
“alteration,” or “allelic variant” [9]. The main reason for this is to avoid confusion 
and the erroneous assumption that all mutations represent a pathogenic change and 
all polymorphisms are benign.

 Interpretation

Interpretation of genomic reports starts with reviewing the indication for testing. As 
noted above, the reports for inherited conditions and somatic mutations will differ 
in the intended meaning of the variant detected (Tables 5.2 and 5.3).

 Germline Variants

In the evaluation for inherited disorders, variants classified as pathogenic or likely 
pathogenic are those that have direct causation or likely cause on the patient’s symp-
toms or phenotype. The difference between these two categories is that for patho-
genic variants, there is sufficient information on causation. In likely pathogenic 
variants, there is data, but it is incomplete. These categories should be treated the 

5 Interpreting Genomic Reports



78

same, including discussion of appropriate therapies, recurrence risks, genetic coun-
seling, and implications to other family members.

Variants of uncertain significance (VUS) are variants without enough informa-
tion to understand their meaning. The use of these variants for clinical decision 
making is not recommended, and periodic review of the literature is recommended 
to determine if their significance changes as additional evidence evolves. Some 
laboratories will reevaluate data at a later date if requested and patients may incur 
an additional fee for this. Also, a laboratory may choose to not report these 
variants.

A laboratory may report a variant that is not associated with a specific disease or, 
alternatively, may report the result as “no significant variant detected.” It is impor-
tant to note that if a report indicates this, it does not necessarily mean that a variant 
is not present. It could be that a variant of uncertain significance or a benign variant 
is present. It also is possible that a variant that could have clinical impact is present 
but was not reported because it was outside the scope for the reason of testing. For 
these reasons, the ACMG issued a guidance in 2013 [11], which was updated in 
2016 [12], for the reporting of 56 genes with known or expected pathogenic variants 
independent of the reason for testing. Patients may opt out of receiving these results 
prior to testing [17].

 Somatic Variants

Somatic variants follow a similar tiered system that includes disease causation, but 
also add variants with prognostic and/or therapeutic implications. Variants of strong 
clinical significance and potential clinical significance include all the variants that 
are known to be associated with and/or probably cause the disease. These could also 
have a direct therapy approved by the Food and Drug Administration (FDA) for a 
specific tumor or for another tumor type. Also, they may confer additional informa-
tion on the behavior of the tumor or serve in the risk assessment of the patient. When 
interpreting these, special attention should be given to the tumor type, as databases 
will categorize a variant as strong or of probable clinical significance depending on 
the context provided. For example, a KRAS mutation in a known metastatic colonic 
carcinoma may be classified as Tier I if the database is queried using the term meta-
static colonic carcinoma, or it might be categorized as Tier II if the tumor is queried 
as a metastasis of unknown primary.

A mutation might be classified as a VUS if the effect on the function of the gene 
is unknown or if there is insufficient information to confirm that the specific change 
is causing the disease or risk of developing the disease. It is important to know that 
patients from a non-Caucasian ethnic group might have increased probability of 
VUS detection, if their genetic composition has not been well characterized. This is 
true for somatic as well as germline mutations.

Benign or likely benign variants indicate that a variant present has been observed 
in the general population. When only a benign or likely benign variant is identified 
and the suspicion for a disease-causing mutation is high, the clinician should dis-
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cuss the findings with the laboratory in order to determine if there is the need for 
additional testing. The laboratory might recommend testing by another method or 
expanding the panel to include other genes or areas in the gene that might not be 
covered by that particular assay. If the suspicion was low, no further testing would 
be required.

One potential benefit (or pitfall) of testing for somatic mutations, without the use 
of a patient specific normal sample, is the potential for detection of germline vari-
ants. The ability of next generation sequencing techniques to quantify VAF allows 
for possible separation of these during testing for somatic mutations. As a general 
rule, if a patient is homozygous for a variant, the VAF should approach 100%, and 
heterozygous should have around 50%. Somatic mutations are generally lower than 
50%, but at times might appear higher if selective amplification or deletions in one 
allele are present. To mitigate this, a laboratory may choose to do concurrent testing 
on both normal and neoplastic tissue. Conversely, if only neoplastic tissue is tested, 
an explanatory note indicating that a germline variant cannot be excluded is included 
in the report when VAFs are high.
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Key Points
• Recurrent alterations in EGFR, KRAS, ALK, ROS1, RET, NTRK, MET, 

BRAF, ERBB2, NRAS, and MAP2K1 account for the majority of driver 
alterations in NSCLC. These driver alterations are mutually exclusive.

• Many of these alterations represent therapeutic targets with approved tar-
geted therapies or targeted agents undergoing clinical trials. High- 
throughput molecular profiling by next-generation sequencing has been 
increasingly used to detect these driver alterations.

• Current guidelines strongly recommend for all lung adenocarcinoma 
patients to be tested for genetic alterations in EGFR, ALK and ROS1, 
regardless of the clinical characteristics.
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 Introduction

Lung cancer is the leading cause of cancer-related death in the United States and 
worldwide. Historically, it has been categorized by its morphologic features into 
two main subgroups: non-small cell lung carcinoma (NSCLC, 85% of all lung can-
cers) and small cell lung carcinoma (SCLC, 15% of all lung cancers), and, for many 
years, treatment decisions have relied on this morphologic distinction, in conjunc-
tion with the pathologic staging. In recent years, however, accumulating evidence 
supports that lung cancer constitutes a highly heterogeneous disease at the molecu-
lar level, and its classification has undergone important revisions to reflect our 
enhanced understanding of its molecular biology. Several driver genetic alterations, 
including point mutations, small insertions and deletions, copy number alterations, 
and gene rearrangements, have been described in NSCLC, which allow the subclas-
sification of this large category into distinct molecular subsets. The identification of 
key driver genetic alterations has also led to the development of newer drugs to 
specifically target these changes. Targeted therapies may be used alone, in combina-
tion with other types of targeted therapies or with conventional lung cancer treat-
ments, such as chemotherapy and radiation therapy for patients with advanced 
disease.

The first molecular marker to be defined as a driver and predictor of treatment 
outcome in lung cancer was EGFR, which came about in the early 2000s with 
the introduction of the small molecule EGFR tyrosine kinase inhibitors (TKI), 
erlotinib and gefitinib. The high expression of EGFR by IHC in a large propor-
tion on NSCLCs provided the initial rationale for the use of these agents. 
Although most patients in this unselected group had no response to treatment, 
dramatic improvements were evident in a minority of individuals. Responders 
were more likely females of Asian descent, non-smokers, and with adenocarci-
noma histomorphology. These observations, soon lead to the discovery of acti-
vating EGFR tyrosine kinase mutations and their pivotal role in predicting 
response to TKIs [1–3]. This discovery not only revolutionized our understand-
ing of the role of EGFR in lung carcinogenesis but paved the path for further 
research in subsequent years.

Since the discovery of activating EGFR mutations, several other driver mutations 
have emerged, including somatic mutations in KRAS, BRAF, HER2, ALK, MEK1, 
MET1, NRAS, PIK3CA, ROS1, RET, and NTRK (Fig. 6.1a). Importantly, all of 
these molecularly defined subsets represent “druggable” targets with agents that are 
either already approved for use, in various phases of clinical trials, or under devel-
opment. As a result, the diagnosis and therapeutic landscape of lung carcinoma has 
dramatically changed and, with it, the way that we as pathologists assess and handle 
specimens for diagnosis.

The following text represents a basic overview of established and emerging clini-
cally relevant driver alterations in lung carcinoma, concentrating primarily on 
NSCLC as their clinical role is better defined at this time.

M. E. Arcila et al.
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 Alterations with Already Approved Targeted Therapies

 EGFR Mutations

The epidermal growth factor receptor 1 (EGFR/ERBB1) is a receptor tyrosine 
kinase of the ERBB family which includes HER2 (ERBB2), HER3 (ERBB3), and 
HER4 (ERBB4). Ligand binding to the extracellular domain of EGFR results in the 
formation of catalytically active homo- and heterodimers which, in turn, activate 
several downstream pathways involved in cellular proliferation, differentiation, 
migration, and apoptosis [4–6]. Mutations in EGFR are found in approximately 
20% of lung adenocarcinomas but are rarely found in squamous cell carcinomas. 
Such alterations lead to the constitutive activation of the protein and unregulated 
downstream signaling [7].

Two types of mutations are recognized as most prevalent and clinically signifi-
cant: in-frame deletions nested around amino acid residues 747–750 (exon 19) and 
the point mutation L858R (exon 21) [1–3, 8, 9]. Together, these encompass 80–90% 
of all EGFR mutations, and their association with response to currently approved 
tyrosine kinase inhibitors (TKIs) is well characterized. Insertions in exon 19 [10] 
and point mutations involving codons G719 (exon 18) and L861 (exon 21) are also 
associated with sensitivity, but their incidence is far less common. Although subse-
quent studies have identified over 50 additional rare mutations, not all have been 
associated with responsiveness to targeted therapy. Some mutations have been asso-
ciated with primary resistance, while others remain uncharacterized due to their low 
prevalence (Table  6.1). Mutations commonly associated with primary resistance 

Unknown
mitogenic driver

12.0%

EGFR 28.0%

Other drivers 15.9%

KRAS 25.3%
ALK 3.8%

ROS1 2.6%

RET 1.7%

BRAF V600E 2.1%

MET splice 3.0%

ERBB2 amp 1.4%

ERBB2 mut 2.3%

NRAS 1.2%

MAP2K1 0.7%

a b

EGFR T790M 60%

ERBB2 amp + EGFR
T790M 4%

ERBB2 amp
8%

MET amp 3%

Small cell +
MET amp 1%

Small cell 1%

Small cell + EGFR
T790M 2%

MET amp + EGFR
T790M 3%  

Unknown 18%

Fig. 6.1 (a) Frequency of various driver alterations in lung adenocarcinomas based on institutional 
experience at MSKCC [109]. (b) Frequency of various acquired resistance mechanisms in patients 
treated with first-generation EGFR-TKIs based on institutional experience at MSKCC [101]
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include some insertions in exon 20 and the point mutations S768I, L747S, D761Y, 
and T854A. As a group, insertions in exon 20 are the third most common mutations 
in EGFR, accounting for up to 10% of all mutations [11]. They are highly variable 
in position and size but generally occur within a hotspot region bound by codons 
767 and 774 [12]. This molecular heterogeneity predicts variable interaction and 
potential implications for response to EGFR inhibitors [11].

 ALK Fusions

The anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase of the insulin 
receptor superfamily. It is also known as CD246 (cluster of differentiation 246) and 
has significant homology with the leukocyte tyrosine kinase (LTK) receptor. ALK 
fusions are identified in approximately 3–7% of lung cancers [13] and are more 
commonly found in never or light smokers, younger age population, and those with 
adenocarcinoma histology, particularly of the signet ring cell subtype. The fusion 
partner is most commonly the EML4 gene (echinoderm microtubule–associated 
protein-like 4) [14–19], although fusions with other partners (KIF5B, TGF) have 
also been described [20, 21]. Fusions confer sensitivity to the ALK inhibitor crizo-
tinib [22] and are associated with resistance of EGFR TKIs [23]. Unlike the sensi-
tizing EGFR mutations, ALK rearrangements do not seem predictive of a more 
favorable prognosis [23].

 ROS1 Fusions

ROS1 is an orphan receptor tyrosine kinase, evolutionarily related to ALK. Despite 
having one of the largest extracellular domains of all RTKs, no human ROS1 ligand 
has been identified and the protein function in humans remains largely unknown 
[24, 25]. In lung cancer, fusions may be present in up to 2% of tumors and involve 
several partner genes, including SLC34A2, CD74, TPM3, SDC4, EZR, LRIG3, and 
GOPC [21, 26, 27], among others. The expressed fusion genes display oncogenic 
properties as evidenced by transformation in  vitro and tumorigenicity in in  vivo 
models [26, 28]. Similar to ALK fusions, ROS 1 fusions are described as more 
prevalent in younger patients, never smokers, and those with adenocarcinoma histo-
morphology, which may reflect the evolutionary relatedness of these 2 RTKs. Of 
particular interest, ROS1 and ALK share approximately 49% amino acid sequence 
homology within the kinase domain [25], and several ALK inhibitors have shown 
ROS1 inhibitory activity in in vitro models [28–30]. ROS1 fusions define the third 
actionable subtype of lung cancers with crizotinib already approved by the FDA as 
targeted therapy for their treatment.

M. E. Arcila et al.



89

 BRAF Mutations

The BRAF protein is a serine/threonine kinase that is activated by KRAS and trans-
duces signals to downstream pathways which direct cellular growth and prolifera-
tion. Mutations in the BRAF gene lead to constitutive activation of the protein and 
are implicated in the pathogenesis of several human cancers [31]. Mutations occur 
in 2–3% of patients with lung adenocarcinoma [32–35] and are strongly associated 
with a positive smoking history. In lung adenocarcinoma, the most common muta-
tion is the V600E, accounting for approximately 50% of all mutations. Other muta-
tions found at lower frequencies include G466V, G469A, Y472C, D594G, and 
L597V in exons 11 and 15 [34, 36]. At this time, evidence of response to BRAF 
inhibitors is only [37] available for BRAF V600E mutated tumors. Case reports 
document response to vemurafenib [37]) or dabrafenib [38], but these agents are not 
yet approved for this specific use. More recently, combination therapy dabrafenib 
and trametinib has been approved for use by the FDA in this setting [39, 40].

 NTRK Fusions

The neurotropic tyrosine kinase receptors, NTRK1, NTRK2, and NTRK3, are 
receptor tyrosine kinases which play a critical role in neuronal survival and differ-
entiation. Fusions involving NTRK are reported in a wide variety of solid tumors 
and have been shown to function as oncogenic drivers by the expression of consti-
tutively active fusion proteins that harbor a functional kinase domain. NTRK fusions 
are rare in NSCLC with its frequency estimated at 1% or less. Rearrangements of 
NTRK1 are the most common and involve several fusion partners, including MPRIP, 
CD74, SQSTM1, TPR, IRF2BP2, and TPM3. NTRK3 fusions with ETV6 and 
SQSTM1 are also reported [41–44]. Inhibition of NRK signaling has shown dra-
matic responses across multiple tumor types providing the supportive evidence for 
the recent accelerated approval by the FDA to larotrectinib for adult and pediatric 
patients with advanced solid tumors, including lung cancer.

 KRAS Mutations

KRAS is a GTPase protein encoded by the KRAS proto-oncogene, also known as 
V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog. The normal protein plays a 
critical role in the activation of several signal transduction pathways downstream of 
EGFR. Mutations lead the constitutive activation of KRAS signaling pathways and 
are implicated in the pathogenesis of several cancers, particularly colon, lung, and 
pancreatic malignancies. In lung adenocarcinomas, KRAS mutations may be found 
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in up to 30% of tumors, but significantly lower frequencies, <10%, are reported in 
Asian patients [45, 46]. The vast majority of mutations are identified in codons 12 
and 13, and less frequently in codon 61. As a group, KRAS mutations are more 
common in former or current smokers [47]. However, when stratified into specific 
subtypes, some mutations are far more common in never smokers. Transition muta-
tions (substitution of purine to purine or pyrimidine to pyrimidine) such as those 
seen in G12D and G12S are more common in never smokers, while transversions 
(substitution from purine to pyrimidine and vice versa) as seen in mutations G12C, 
G12V, and G13C are more common in former or current smokers [45, 47–49].

Despite considerable attempts, the quest for effective therapeutic inhibition of 
KRAS has not been productive; currently, there are no direct anti-KRAS therapies 
available. A major obstacle to the development of specific KRAS inhibitors is that 
the mutated KRAS proteins lose their normal enzymatic function, making them far 
more difficult to inhibit compared to those with gain of function. Downstream tar-
geting therefore represents a more promising approach. Mutations are a strong neg-
ative predictor of response to EGFR TKIs [45, 47], but unlike colon carcinoma, they 
have not yet been shown to be negative predictors of benefit to anti-EGFR 
antibodies.

 HER2 Mutations

The human epidermal growth factor receptor 2 (HER2/ERBB2) is a receptor tyro-
sine kinase of the ERBB family. In contrast to other members of this family, HER2 
does not have a direct ligand but constitutes the preferred dimerization partner for 
EGFR and other ERBB receptors. Due to this association, HER2 plays a pivotal role 
in EGFR signal transduction with corresponding significant roles in cancer develop-
ment and progression when its function is deregulated. Activating mutations in the 
TK domain of the gene have been described in 2–4% of lung adenocarcinomas, with 
highest prevalence among never smokers [50, 51]. In-frame insertions in exon 20 
represent the vast majority of mutations, but point mutations along the tyrosine 
kinase domain have also been identified [52]. Insertions range from 3 to 12 bp in 
length and are confined to a hotspot region between codons 775 and 881. The 
A775_G776insYVMA mutation is the most common, representing over 80% of the 
cases. Other insertions and point mutations include G776>VC, V777_G778insCG, 
P780_Y781insGSP, L755S, D769H, V777L, and V777M but are less common. 
Patients with HER2 mutations may benefit from HER2 targeted therapy. The sensi-
tivity of HER2 mutant tumor cells to HER2 inhibitors has been demonstrated under 
clinical trials with partial responses [53–57]. Treatments such as trastuzumab, afa-
tinib, and other compounds offer promising therapeutic options, but further studies 
are needed [57, 58]. To date, no FDA-approved agents are available.
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 MET Alterations

MET is a receptor tyrosine kinase, also known at the hepatocyte growth factor 
receptor, which plays a key role in embryonic development and wound healing. 
Deregulation, through mutation or amplification, is associated with cancer develop-
ment by the activation of key oncogenic pathways, including RAS, PI3K, STAT3, 
and beta-catenin, and through promotion of angiogenesis, invasion, migration, and 
metastasis. In lung cancer, both mutation and amplification are reported. Activating 
somatic mutations that affect the splice site regions of exon 14 are seen in approxi-
mately 4% of lung adenocarcinomas. These mutations lead to exon 14 skipping and 
deletion of the juxtamembrane domain of the MET receptor with resulting enhanced 
signaling through the MET receptor pathway [59–68]. Mutations confer sensitivity 
to targeted MET inhibitors.

MET activation through gene amplification is also reported in lung carcinoma. In 
previously untreated patients, amplification is found in only a small proportion of 
tumors, 2–4% [64, 69–74], and is associated with primary resistance to EGFR 
inhibitors and poor prognosis [70, 74–76]. More commonly, however, MET ampli-
fication is associated with the development of acquired resistance in patients who 
are EGFR mutation positive and have received EGFR inhibitors [69, 71, 72, 77–79]. 
In this setting, it is reported in 5–20% of tumors; in over 50% of cases it is concur-
rently seen with the secondary T790M mutation [77].

 RET Fusions

RET (rearranged during transfection) is a receptor tyrosine kinase that plays a piv-
otal role in neural crest development [80]. Normal RET signaling involves the for-
mation of a complex between GFL (glial cell line-derived neurotropic factor 
(GDFN) family of ligands) and the co-receptor GRFa1 (glial-cell line-derived neu-
rotropic factor family receptor a1). In turn, this GFL/GFRa1 complex brings 
together two molecules of RET to form an activated kinase complex which will 
transduce the signal to several downstream signaling pathways [81, 82]. Fusions 
involving RET and several partner genes (CCDC6, KIF5B, NCOA4, TRIM33, 
CUX1, KIAA1468) have been described in lung adenocarcinomas at a frequency of 
approximately 1%. While the functional consequences of these RET fusions in lung 
carcinogenesis are not yet fully understood, both in vivo and in vitro studies confirm 
their activating [83, 84] and transforming [26, 83] oncogenic potential.

Inhibition of RET is possible through multi-targeted inhibitors with anti-RET 
activity but RET-specific inhibitors are not yet available. Several clinical trials are 
currently underway but, to date, there are no FDA-approved agents for treatment.

6 Lung Carcinoma



92

 PIK3CA Mutations

The PIK3CA gene encodes the p110α catalytic subunit of the mitogenic signaling 
protein phosphoinositide 3-kinase (PI3K), which is linked numerous cellular func-
tions including cell growth, proliferation, differentiation, and cell survival. PIK3 is 
activated by receptor tyrosine kinases such as EGFR and transduces signals through 
activation of AKT in the PI3K/AKT/mTOR pathway. PIK3CA mutations are found 
in up to 2% of lung adenocarcinomas [85] but are more common in squamous cell 
carcinomas [86]; they have also been detected in a very small percentage of lung 
cancers with acquired resistance [78]. Mutations occur in two hotspot regions in 
exons 9 and 20, coding for the helical and kinase domains of the protein, respec-
tively. E545K and H1047R variants encompass approximately 80% of the muta-
tions reported in lung adenocarcinomas; H1047L, E542K, and E545Q [36, 85] are 
less frequently reported.

In contrast to the mutual exclusivity of other driver oncogene mutations seen in 
lung adenocarcinoma, PIK3CA mutations are often found concurrently with other 
alterations. At least 70% of PIK3 CA mutations are identified in conjunction with 
mutations in EGFR, KRAS, and ALK [46, 85, 86]. The clinical impact of this find-
ing on the efficacy of targeted therapies such as erlotinib and crizotinib is not well 
defined at this time. Multiple PI3K inhibitors are currently under investigation in 
clinical trials [87–90].

 MAP2K1/MEK1 Mutations

The mitogen-activated protein kinase kinase 1 (MAP2K1), also known as MEK1, is 
a dual specificity kinase of the MAP2K/STE7 kinase family with pivotal role in the 
signal integration of the MAPK/ERK cascade. Mutations in the activation segment 
of the gene have been shown to constitutively activate the protein, enhancing cell 
proliferation and differentiation and promoting transformation [91–94]. Mutations 
in MAP2K1 are found in approximately 1% of all NSCLC and are more common in 
adenocarcinoma with higher prevalence among smokers. The most common muta-
tions are K57N and Q56P [94, 95]. The selective MAP2K1 inhibitor trametinib is 
currently available and FDA approved for patients with BRAF-mutant melanoma 
only. There are no approved agents or trials of MEK-selective inhibitors for MEK-
mutant patients with non-small cell lung cancer, at this time.

 FGFR3 Alterations

The fibroblast growth factor receptor 3 (FGFR3) is a receptor tyrosine kinase family 
belonging to the immunoglobulin superfamily and is involved in downstream signaling 
in the MAPK, JAK/STAT, and PI3K/AKT signaling pathways. Oncogenic activation 
through both mutations and fusions has been reported in 1–2% of NSCLC, primarily 
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squamous cell carcinomas. Mutations R248C, S249C, G370C, and K650E have been 
most commonly reported [96, 97]. FGFR3-TACC3 fusions have been reported in both 
squamous and adenocarcinomas. The same fusions have been reported in bladder can-
cer with documented partial response to FGFR1-4 inhibitors. Response to this type of 
targeted therapy is not yet documented in patients with lung cancer. Importantly, the 
same fusion has also been reported as acquired events post-EGFR TKI suggesting it 
may also represent a recurrent resistance mechanism in EGFR-positive tumors [98].

 Acquired Resistance Mechanisms to TKIs

Despite high initial response rates to targeted therapy, all patients inevitably develop 
progression of disease through acquired resistance to TKIs by various mechanisms 
[99]. The resistance mechanisms to EGFR-TKIs (Fig. 6.1b) and ALK-TKIs are best 
studied and are discussed below.

The most frequent mechanism of acquired resistance to first- and second-gener-
ation EGFR-TKIs is the EGFR T790M point mutation within exon 20 [100, 101], 
accounting for 60% of acquired resistance to EGFR-TKIs. This secondary mutation 
occurs on the same EGFR allele harboring the original sensitizing mutation and is 
thought to increase tyrosine kinase affinity for ATP, thus reducing the interaction 
between EGFR with reversible EGFR-TKIs [102]. The detection of the EGFR 
T790M mutation has significant clinical impact because third-generation EGFR 
TKIs such as osimertinib are irreversible EGFR inhibitors that are active in the pres-
ence of T790M mutation. Other less common acquired resistance mechanisms to 
first- and second-generation EGFR TKIs include MET amplification, ERBB2 
(HER2) amplification, and small cell transformation [101]. Recently, osimertinib 
has been approved as standard first-line treatment for EGFR-mutant NSCLC [103]. 
In patients who develop acquired resistance to osimertinib, mechanisms including 
EGFR C797S mutation, MET amplification, and fusions involving other RTKs have 
been reported [104, 105].

Similarly, a broad spectrum of acquired resistance mechanisms has been identi-
fied in ALK-positive NSCLC treated with ALK-TKIs. Various ALK resistance muta-
tions have been observed in approximately 20% of patients progressing on 
first-generation ALK-TKIs and 50% of patients progressing on second-generation 
ALK-TKIs [106]. Less commonly, ALK amplification can be seen in patients with-
out ALK resistance mutations.

 Molecular Testing Guidelines for Therapy Selection

In 2013, an evidence-based guideline for molecular testing of patients with lung 
cancer was published as a concerted effort from the College of American Pathologists 
(CAP), the International Association for the Study of Lung Cancer (IASLC), and 
the Association for Molecular Pathology (AMP), to set standards for the molecular 
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analysis of lung cancers which would guide treatment decisions with targeted inhib-
itors [107]. This guideline was subsequently updated in 2018, based on emerging 
evidence for other markers [108]. A detailed description of the current guidelines is 
beyond the scope of this chapter, and the readers are therefore referred to the com-
plete guideline for further information. Highlights of the guidelines are summarized 
in the bulleted section below.

• Current guidelines strongly recommend for all lung cancer patients to be tested 
for genetic alterations in EGFR, ALK, and ROS1, regardless of the clinical 
characteristics.

• For ALK fusions, immunohistochemistry was incorporated in the new guidelines 
as a suitable alternative to fluorescence in situ hybridization testing. The use of 
IHC for EGFR mutations using mutation-specific antibodies was not endorsed.

• Multiplex genetic sequencing panels that can simultaneously test for alterations 
in these prioritized genes and other clinically relevant genes are preferred over 
multiple single-gene tests. If testing is performed by NGS, assessment of BRAF, 
ERBB2, MET, RET, and KRAS is also recommended.

• For patients undergoing targeted therapy for tumors harboring EGFR-sensitizing 
mutations and acquired resistance is suspected, testing for the EGFR T790M 
mutation is required. Testing may be done by biopsy or cell-free DNA (cfDNA).

• Based on the evidence available at the time of preparation of the guidelines, it is 
emphasized that cfDNA is not recommended for initial diagnosis if tissue or 
cytology material can be obtained.

 Conclusions

Lung cancer is a common disease encountered daily in pathology practice. With the 
discovery of activating mutations as drivers of lung carcinogens, we can now rede-
fine this disease using morphologic and molecular attributes that have direct clinico-
pathologic impact. In this setting, pathologists are becoming key providers of 
personalized medicine information. A well-rounded understanding of the molecular 
biology and the technical aspects of testing is required to effectively deliver critical 
answers to questions of diagnosis, prognosis, and predictive parameters of the tumor.
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Key Points
• Microsatellite instability testing is recommended for all patients with 

colorectal adenocarcinoma and advanced gastric adenocarcinoma.
• Patients with colorectal adenocarcinoma being considered for anti-EGFR 

therapy should be tested for hotspot mutations in all exons of the KRAS and 
NRAS genes.

• Patients with gastrointestinal stromal tumors being considered for treat-
ment with tyrosine kinase inhibitors should undergo mutational testing for 
mutations in the KIT and PDGFRA genes.
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• ASCP/CAP/AMP/ASCO Colorectal Biomarker Guidelines: https://www.

amp.org/clinical-practice/practice-guidelines/colorectal-biomarker-guideline

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-22922-1_7&domain=pdf
mailto:vakianie@mskcc.org
https://www.nccn.org/professionals/physician_gls/pdf/colon.pdf
https://www.nccn.org/professionals/physician_gls/pdf/colon.pdf
https://www.nccn.org/professionals/physician_gls/pdf/gastric.pdf
https://www.nccn.org/professionals/physician_gls/pdf/gastric.pdf
https://www.nccn.org/professionals/physician_gls/pdf/sarcoma.pdf
https://www.amp.org/clinical-practice/practice-guidelines/colorectal-biomarker-guideline
https://www.amp.org/clinical-practice/practice-guidelines/colorectal-biomarker-guideline


104

 Introduction

The era of precision oncology has placed the spotlight on molecular biomarkers that 
can stratify patients and predict response to therapy. In gastrointestinal (GI) carci-
nomas, several molecular biomarkers, such as KRAS mutations in colorectal cancer 
(CRC) and HER2 gene amplification in gastroesophageal (GE) carcinomas, are a 
critical part of patient management, while other biomarkers are gaining increasing 
attention as new targeted therapies are being developed and/or novel resistance 
mechanisms are identified. This chapter discusses both established and emerging 
molecular biomarkers in the most common adenocarcinomas of the GI tract, namely, 
CRC and GE adenocarcinomas. It also outlines key genetic alterations important in 
the management of gastrointestinal stromal tumors (GISTs), which are the most 
common mesenchymal tumor of the GI tract. Finally, it summarizes common hered-
itary GI cancer syndromes and the genetic aberrations that underlie them. Detecting 
these alterations in the patient’s germline DNA has important implications for the 
management of both patients and their family members.

 Microsatellite Instability in Colorectal and Gastric 
Adenocarcinomas

Microsatellites are short sequences of genomic DNA that contain tandem repeats 
1–6 base pairs in length. They are especially prone to mistakes during replication, 
and, when tumors have defects in DNA mismatch repair (MMR) proteins, microsat-
ellites show variability in their size, a phenomenon referred to as microsatellite 
instability (MSI). Determination of MSI status is important both in CRC and gastric 
adenocarcinomas both for identifying families with germline deleterious mutations 
and for treatment purposes.

In CRC MSI is seen in approximately 15% of cases, the majority arising sporadi-
cally. These sporadic cases have a predilection for the right colon of elderly female 
patients and commonly show hypermethylation of the MLH1 gene promoter and/or a 
BRAF V600E mutation. Recently, the presence of somatic biallelic mutations in the 
MMR genes, MLH1, MSH2, MSH6, and PMS2, has also been documented [1]. In con-
trast to sporadic cases, approximately 3% of microsatellite unstable (MSI-H) tumors 
are seen in patients with Lynch syndrome who harbor germline deleterious mutations 
in MMR genes and EPCAM. In gastric cancer MSI is detected in approximately 20% 
of adenocarcinomas, though it is probably lower in Caucasian populations [2]. These 
tumors are commonly of intestinal type, located in the distal stomach of elderly female 
patients and similar to CRC are sporadic in the vast majority of cases [2, 3].

Determination of MSI status with the goal of identifying families with Lynch 
syndrome has been an important component of the clinical management of patients 
with CRC for two decades. More recently, MSI has emerged as at least one positive 
predictor of response to immunotherapy in many types of solid tumors, further 
expanding the patient population that may benefit from MSI testing [4]. The current 
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2018 NCCN guidelines for CRC recommend universal testing in all patients with a 
personal history of CRC, while for gastric cancer they state that MMR or MSI 
 testing should be considered on locally advanced, recurrent, or metastatic carcino-
mas, in patients who are candidates for treatment with PD-1 inhibitors [5, 6].

Microsatellite instability can be assessed in several ways. The approach most 
often used is immunohistochemistry (IHC) using antibodies against MLH1, MSH2, 
MSH6, and PMS2. In the molecular pathology laboratory, the traditional method of 
testing has been polymerase chain reaction (PCR) using fluorescently labeled prim-
ers against select microsatellites. Guidelines on the number and type of microsatel-
lites that constitute the most sensitive panel have changed over the years, and 
currently it is recommended by the National Cancer Institute/International 
Collaborative Group/HNPCC that five mononucleotide repeats be used [7]. Both 
tumor and normal DNA from the same patient are required with this method and 
assessment of MSI is done by comparing the results from the normal and tumor 
specimen (Fig. 7.1). Microsatellite stable (MSS) tumors are expected to show the 
same size between tumor and normal DNA in all microsatellite sequences, while 
MSI-H tumors are characterized by altered size in ≥40% of loci.

More recently, investigators have begun looking into using next generation sequenc-
ing (NGS) data, which normally includes information on multiple genes, to assess for 
the presence of MSI [8]. Such methods allow for MSI status to be reported as part of 
broader profiling and can also yield germline information in patients that have been 
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Fig. 7.1 Microsatellite analysis using five mononucleotides repeat markers (NR-21, NR-24, BAT- 
25, BAT-26, MONO-27). The appearance of new alleles in the tumor sample in two or more loci 
allows for the tumor to be classified as microsatellite unstable (MSI-H). Polymorphic pentanucleo-
tide markers are used to confirm that the tumor and normal samples are from the same patient
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consented for germline testing. They do have a longer turnaround time compared to 
IHC and PCR and can only be performed in laboratories with NGS platforms.

 MLH1 Promoter Hypermethylation in CRC

As most MSI-H tumors are sporadic, the diagnosis of Lynch syndrome is ultimately 
based on identifying germline pathogenic events by sequencing germline DNA. As 
this process can be costly and time consuming, it is recommended that, after a tumor 
is categorized as MSI-H, additional tests be performed that can discriminate between 
sporadic and familial MSI-H cases. MLH1 promoter hypermethylation is common 
among sporadic MSI-H tumors and its presence argues against Lynch syndrome. It 
is important, however, to keep in mind that exceptions do occur and rare cases of 
patients with Lynch syndrome showing MLH1 promoter hypermethylation have 
been reported [9]. This has led some authors to recommend that cases showing 
MLH1 promoter hypermethylation be considered for follow-up testing for a germ-
line MLH1 mutation and/or epimutation, if they present under the age of 60 years 
and/or the tumor does not harbor a BRAF mutation [10].

The first step in determining MLH1 gene promoter methylation involves treat-
ment of DNA with bisulfite which converts cytosine residues without methylation 
to uracil but does not affect 5-methylcytosine residues. The altered DNA can then 
be examined by various methods such as PCR, pyrosequencing, and high-resolution 
melting analysis. A popular method is methylation-specific PCR which uses meth-
ylated and unmethylated specific primer pairs, and determination of methylation 
status is based on which specific primers result in amplification. More recently, 
there is increasing interest in the use of microarray-based methods which can be 
used to generate genome-wide methylation, although they can be costly and time 
consuming [11].

 RAS Mutations in CRC

Members of the RAS family are small guanine nucleotide-binding proteins that alter-
nate between an inactive GDP-bound and an active GTP-bound state and regulate 
many cellular processes including proliferation and apoptosis. They are encoded by 
three genes KRAS, NRAS, and HRAS with four coding exons. Mutations in key parts 
of the genes can result in constitutive activation and uncontrolled cell growth, and 
such mutations are observed frequently in a variety of human tumor types. In CRC the 
majority of patients (~30–40%) harbor mutations in KRAS codons 12 and 13 located 
in exon 2. Another 10% of CRC patients have mutations in exons 3 (codon 61) and 4 
(codons 117 and 146) of KRAS as well as mutations in NRAS exons 2–4 (Table 7.1).

The RAS proteins act as a key signal transducer for a number of cellular recep-
tors including the epidermal growth factor receptor (EGFR) (Fig. 7.2). The latter is 
a transmembrane receptor tyrosine kinase which is a member of the ErbB family of 
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receptors. Upon binding of its specific ligands, it forms an active dimer and signals 
through several pathways. Inhibition of the EGFR protein by the humanized 
 antibodies cetuximab and panitumumab blocks signaling and is approved for the 
treatment of stage IV CRC. According to current NCCN criteria and the American 
Society of Clinical Oncology, these drugs should not be given to patients with any 
known KRAS or NRAS mutation as tumors harboring such mutations are not respon-
sive to EGFR inhibition [12]. Although initial testing had focused on the most com-
mon KRAS mutations, namely, those in codons 12 and 13 of exon 2, it is important 
that current testing in patients who are candidates for an EGFR inhibitor encom-
passes KRAS and NRAS hotspot mutations in all exons [5, 13].

 BRAF Alterations in CRC

BRAF is a serine/threonine protein, which similar to RAS proteins is an integral 
mediator of EGFR signaling (Fig. 7.2). The BRAF gene is mutated in 8–15% of 
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Fig. 7.2 Schematic representation of the EGFR signaling pathway. Binding of growth factors to 
the extracellular domain of EGFR activates the receptor, which in turn activates cytoplasmic pro-
teins that are part of signaling pathways including the RAS/RAF/MEK1/2 and PI3K/AKT path-
ways. The 2 EGFR inhibitors used in the treatment of colon cancer are antibodies that bind to the 
extracellular domain of EGFR preventing ligand binding and activation
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CRC cases and the most prevalent mutation is a valine to glutamate change at resi-
due 600 (V600E). This amino acid change leads to a constitutively active protein 
activation leading to unregulated cell proliferation, and testing for this mutation is 
important in several contexts.

Identification of BRAF mutations in CRC is helpful in two clinical contexts. 
First, similar to MLH1 gene promoter hypermethylation, the presence of a V600E 
mutation can be useful in categorizing an MSI-H tumor as sporadic or familial [14]. 
The mutation is especially prevalent among sporadic MSI-H tumors, where approx-
imately 50% of cases are positive. In contrast, it is typically not encountered in 
patients with Lynch syndrome. As with MLH1 gene promoter hypermethylation 
exceptions have been reported, highlighting again the importance of interpreting 
test results in the context of all available clinical data including family history [15].

Identifying a BRAF V600E mutation is also used for treatment purposes, 
although some of these data are more controversial. Although there isn’t universal 
agreement that BRAF mutations mediate resistance to EGFR inhibitors, the current 
NCCN guidelines state that BRAF V600E mutation makes response to cetuximab 
or panitumumab highly unlikely unless given with a BRAF inhibitor and recom-
mend BRAF genotyping of tumor tissue in patients with stage IV disease [5, 16]. In 
contrast to melanoma, the BRAF inhibitor vemurafenib has very limited activity in 
V600E mutant CRC as monotherapy [17]. Combining vemurafenib and cetuximab 
with or without conventional chemotherapy shows better results, although the 
response rates do not exceed 35% [18]. More recently, the combination of a BRAF 
inhibitor encorafenib and cetuximab and the MEK inhibitor binimetinib showed 
promising results, and a phase III trial is currently under way to evaluate the efficacy 
of this regimen for the treatment of BRAF V600E mutant CRC.

A small number of CRC harbor mutations outside V600 and many of these are 
considered to be oncogenic. Their clinical implications are not fully understood 
because of their rarity, and it is not clear if they mediate resistance to EGFR inhibi-
tors. They differ from V600E mutant proteins by signaling as dimers as well as in the 
degree in which they activate ERK signaling. Most importantly, they are not sensi-
tive to BRAF V600E inhibitors such as vemurafenib, and novel targeted therapies are 
being developed for these tumors [19]. BRAF fusions and amplifications may also 
be seen in a small number of CRC cases (<0.5%); they are deemed to be oncogenic 
though clinical response of such tumors to various inhibitors is not well studied.

 HER2 Alterations in Upper Gastrointestinal Adenocarcinomas 
and CRC

The human epidermal growth factor receptor 2 (HER2, HER2/neu, ERBB2) is a 
transmembrane tyrosine kinase receptor protein with the same basic molecular 
structure as EGFR. HER2 is overexpressed in a number of different cancer types, 
including breast, stomach, esophagus, and colon, and in the vast majority of cases, 
this is a result of HER2 gene amplification. In gastroesophageal adenocarcinomas, 
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HER2 is overexpressed in approximately 15–20% of cases, and among gastric 
tumors overexpression is significantly more common in intestinal-type adenocarci-
nomas compared to diffuse type [20]. These HER2-positive tumors show clinical 
response to HER2 inhibition with anti-HER2 antibodies like trastuzumab, and for 
this reason HER2 testing has become standard of practice in the treatment of patients 
with GE adenocarcinomas [21].

In clinical practice advanced carcinomas are routinely assessed for HER2 status 
by performing IHC and scoring the stained slides using the Hofmann-modified cri-
teria [22]. Cases scored as 2+ are considered equivocal and further analyzed by fluo-
rescence in situ hybridization (FISH). More recently, investigators have also been 
looking into using NGS data to derive copy number alterations and determine HER2 
status, as this would be more efficient compared to a single-gene assay [23]. This 
approach is more dependent on tumor content, and false-negative results may be 
obtained in cases with tumor content, especially in the context of low level amplifi-
cation in the HER2 gene. It is also important to keep in mind that compared to breast 
adenocarcinomas, GE tumors show increased heterogeneity in HER2 expression, 
and this can also lead to a negative result by NGS, even if there is a clone showing 
amplification.

In CRC HER2 amplification is observed in 3% of cases, while another 4–5% of 
cases harbor somatic mutations including the hotspot kinase domain mutations 
V777L and V824I which activate HER2 signaling [24]. Currently testing for HER2 
amplification is not part of standard of care for CRC patients, but there is emerging 
data that it might be a useful predictive biomarker, and testing is often performed for 
enrollment in clinical trials. Both HER2-amplified and HER2 mutant cases have 
been reported to show de novo and acquired resistance to EGFR inhibitors [25, 26] 
as they cause persistent ERK signaling even in the presence of cetuximab. 
Furthermore, HER2-amplified (KRAS exon 2 wild-type) metastatic CRC tumors 
appear to respond to treatment with a combination of trastuzumab and lapatinib 
[27]. Whether the presence of a HER2 hotspot mutation can serve as a positive pre-
dictor of response to treatment remains to be determined. Preliminary results of a 
trial using the pan-HER2 tyrosine kinase inhibitor, neratinib, to treat HER2 and 
HER3 mutant tumors did not show a response in CRC or GE adenocarcinomas, and 
investigators are currently attempting dual inhibition using a second HER2 inhibitor 
in addition to neratinib [28].

 PIK3CA Mutations in CRC

The PIK3CA gene encodes the catalytic subunit of phosphatidylinositol 3-kinase 
(PI3K) which is also a downstream effector of EGFR signaling (Fig. 7.2). Mutations 
in PIK3CA occur in 15–20% of CRC with the majority of these mutations being in 
the helical (exon 9) or catalytic (exon 20) domain and resulting in the functional 
activation of PI3K (Table 7.1). Testing for these mutations is currently not part of 
standard clinical practice. Initial studies provided conflicting results regarding 
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response of PIK3CA mutant tumors to EGFR inhibitor therapy with some investiga-
tors reporting resistance to panitumumab or cetuximab among tumors harboring 
PIK3CA mutations [29], while others failed to find a correlation [30]. Two recent 
retrospective studies reported an interesting association between PIK3CA mutations 
and better outcomes in patients taking aspirin following diagnosis of CRC [31, 32]. 
They suggested that in CRC patients PIK3CA mutations may serve as a predictive 
molecular biomarker for adjuvant aspirin therapy, but prospective studies are war-
ranted before this can be incorporated into clinical practice.

 Other Emerging Biomarkers in CRC and Upper 
Gastrointestinal Adenocarcinomas

 MET Amplification

The mesenchymal-epithelial transition (MET) protein is a receptor tyrosine kinase 
that is activated by binding its ligand, HGF, and signals via multiple pathways 
including the RAS and PI3K pathways, regulating cell proliferation and migration. 
MET gene amplification which is found in approximately 5% of GE adenocarcino-
mas and 1–2% of CRC leads to constitutive receptor activation independent of 
ligand. Inhibitors of MET are under development with some showing efficacy in 
MET-amplified GE tumors [33]. MET amplification was also shown to mediate 
resistance to HER2 inhibitors in GE adenocarcinomas with HER2 amplification, 
and these tumors may respond to dual inhibition of MET and HER2 [34]. Similarly 
to what was observed in GE adenocarcinomas, MET amplification has been impli-
cated in both primary and acquired resistance to EGFR inhibition in CRC.

 EGFR Alterations

Contrary to non-small cell lung cancer, EGFR mutations are infrequent in CRC and 
GE adenocarcinomas, but have been reported in the context of secondary resistance 
following treatment of CRC tumors with anti-EGFR antibodies. The majority of 
mutations found in this setting are in the extracellular domain of the protein that is 
involved in the binding of the EGFR inhibitor (S464L, G465R, I491M, and S492R), 
though rare mutations in the kinase domain of EGFR have also been reported [25, 35].

Amplifications in EGFR are found in approximately 6% and 2% of GE adeno-
carcinomas and CRCs, respectively. In CRC EGFR amplification is associated with 
response to EGFR inhibitors, but it is not used clinically to select patients as tumors 
without amplification also show response. In GE adenocarcinomas, EGFR amplifi-
cation has been associated with resistance to trastuzumab [36]. Tumors with co- 
amplification in HER2 and EGFR were found to respond clinically to treatment 
with afatinib which is an inhibitor of both HER2 and EGFR [34].
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 MAP2K1 Mutations

Mitogen-activated protein kinase 1 (MAP2K1), also called MEK1, is a dual- specific 
serine/threonine and tyrosine kinase that lies downstream of RAS and is activated 
when phosphorylated by RAF kinase (Fig.  7.2). Mutations in MEK1 that cause 
constitutive activation occur in approximately 1% of CRC and have been reported 
to mediate resistance to EGFR and BRAF inhibitors [37, 38].

 FGFR Alterations

Fibroblast growth factor receptors (FGFRs) are a family of tyrosine kinase receptors 
encoded by four different genes (FGFR1–4). These receptors share the same canon-
ical protein structure and affect signaling pathways involved in cell proliferation, 
differentiation, and angiogenesis. FGFR aberrations are found in approximately 7% 
of carcinomas with amplification being the most common abnormality [39]. FGFR1 
amplifications are seen in up to 2% of cases both in CRC and GE adenocarcinomas, 
while FGFR2 amplifications are seen in approximately 4% of GE adenocarcinomas 
and are rare in CRC. Fusions are seen in less than 0.6% of cases and most of them 
involve FGFR1 and FGFR2. FGFR inhibitors are currently under development in 
the hope that they can prove effective for the treatment of tumors with FGFR ampli-
fications and/or fusions. Detection of FGFR alterations might also be useful in 
patients being treated with EGFR inhibitors, as amplifications in FGFR genes have 
been implicated in resistance to EGFR inhibitors [25].

 NTRK Rearrangements

The TRK proteins (TRKA/NTRK1, TRKB/NTRK2, TRKC/NTRK3) are a family 
of transmembrane receptor kinases whose intracellular kinase domain is activated 
following binding of neurotrophins on the extracellular part of the receptor. 
Dysregulation of the TRK signaling pathway is a driver event in multiple tumor 
types, and fusions involving all three genes are the most common mechanisms of 
oncogenic activation [40]. Typically, 3′ sequences of NTRK1, NTRK2, or NTRK3 
that include the kinase domain are juxtaposed to 5′ sequences of a different gene, 
and the product of the fusion is a chimeric oncoprotein characterized by ligand- 
independent constitutive activation of the TRK kinase. Tumors harboring these 
fusions show response to first-generation TRK inhibitors; one of them larotrectinib 
was recently approved for the treatment of solid tumors with NTRK fusions regard-
less of histology, and other TRK inhibitors are also under development. NTRK 
fusions are not frequent in adenocarcinomas of the GI tract but several cases have 
been reported in CRC.
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 RET, ALK, and ROS1 Rearrangements

RET is another receptor tyrosine protein which can undergo rearrangement resulting 
in ligand independence, constitutive activation, aberrant proliferation, and tumor 
growth. RET kinase fusions are rare in CRC occurring in fewer than 0.5% of cases 
[41], but their identification may become clinically important as RET inhibitors are 
currently under development. Recurrent gene fusions involving anaplastic lym-
phoma kinase (ALK) and ROS1 have been described primarily in lung non-small cell 
carcinomas, but can be found in up to 2.4% of CRC [42]. ROS1 fusions but not ALK 
fusions were also identified in 1% of gastric adenocarcinomas [43]. Targeted thera-
pies such as crizotinib, ceritinib, and alectinib are FDA approved for the treatment 
of lung tumors harboring these fusions, and this raises the possibility that they may 
also be effective in other tumor types, although clinical experience outside the lung 
is limited.

 Mutational Testing in Gastrointestinal Stromal Tumors

 KIT and PDGFRA Mutant GISTs

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal neo-
plasm of the gastrointestinal tract. They can arise from any site, although their most 
frequent location is the small intestine followed by stomach. The vast majority of 
tumors (~75%) harbor mutations in the KIT gene, while another 10% have muta-
tions in the PDGFRA gene. The KIT and PDGFRA genes are on chromosome 4q12 
and both encode for type III tyrosine kinase receptors (Fig. 7.3). They are composed 
of an extracellular domain consistent of IG-like motifs, a transmembrane section, a 
juxtamembrane (JM) domain, and an intracellular tyrosine kinase domain that has 
two regions (TK1, TK2) separated by a kinase insert domain. Oncogenic alterations 
in KIT and PDGFRA are gain of function events and result in constitutive ligand- 
independent activation of the receptor. Imatinib is a protein-tyrosine kinase inhibi-
tor that inhibits both KIT and PDGFRA, but tumor response depends on the 
underlying mutation.

The majority of KIT mutations occur in the JM domain of the protein which 
is encoded by exon 11 (Table 7.2). They are typically deletions and single-nucle-
otide substitutions that involve codons 550–560. Prognostic significance of vari-
ous exon 11 mutations varies, but they all tend to respond to treatment with 
imatinib. In approximately 10% of cases, mutations are found in KIT exon 9 
which encodes part of the extracellular domain. The most common aberration is 
A502_Y505dup, a duplication that replicates the conformational change that the 
KIT receptor undergoes upon ligand binding. Tumors with KIT exon 9 mutations 
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are usually in the small bowel and require a higher dose of imatinib for clinical 
response. Primary mutations in KIT exons 13, 14, and 17 occur infrequently in 
GISTs, and some of these tumors have shown response to imatinib treatment 
[44]. Nonetheless, mutations in these three exons are more frequent in the set-
ting of secondary imatinib resistance. The most common mutations in exons 13 
and 14 are V654A and T670I, and they both affect the ATP binding site, which 
is also the binding site for imatinib. Tumors with V654A and T670I mutations 
respond to sunitinib which is another tyrosine kinase receptor inhibitor less spe-
cific than imatinib. Similarly to exon 13 and 14 mutations, exon 17 mutations 
arise more frequently in the context of secondary imatinib resistance. These 
mutations stabilize the active confirmation of the activation loop and are also 
resistant to sunitinib.

PDGFRA mutations are seen in the majority of KIT-negative tumors, are 
most common in tumors arising in the stomach, and are associated with indo-
lent behavior. Most mutations are in exon 18 which encodes the TK2 domain 
(Table 7.2). Less commonly PDGFRA mutations occur in exon 12 (JM domain) 
and exon 14 (TK1 domain). Many PDGFRA mutant tumors respond to ima-
tinib, but the most common mutation D842V, which occurs in exon 18 is associ-
ated with resistance to imatinib. Notably a novel, potent PDGFRA inhibitor, 
crenolanib, has been reported that can inhibit D842V mutation in vitro, and a 
phase III clinical trial designed to test the efficacy of crenolanib in advanced 
GIST is ongoing [45].

PDGFRA

Exon 12 (0.9%)

Exon 14 (0.3%)

Exon 18 (6.3%)Exon 17 (1%)

Exon 13 (1%)

Exon 11 (68%)

Exon 9 (9%)

KIT

TM domain

JM domain

TKl domain

TK2 domain

Fig. 7.3 Schematic representation of the KIT and PDGFRA proteins. Arrows indicate the regions 
that harbor most of the mutations encountered in gastrointestinal stromal tumors. Approximate 
mutational frequencies are shown in parentheses. Abbreviations: TM, transmembrane; JM, juxta-
membrane; TK1, tyrosine kinase 1; TK2, tyrosine kinase 2
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 KIT/PDGFRA-Negative GISTs

Approximately 15% of GISTs do not show mutations in KIT or PDGFRA. About 
half of those “wild-type” GISTs show functional loss of the SDH complex (SDH 
deficient). This complex is encoded by four separate genes, SDHA, SDHB, SDHC, 

Table 7.2 Clinically significant genetic alterations in GISTs

Gene Exon
Type(s) of genetic 
alteration Frequency

Most common 
event(s) Treatment implications

KIT Exon 
9

Codon duplication
Single-nucleotide 
substitution (less 
common)

10% A502_Y503dup Respond better to 
high-dose imatinib
Respond better to 
sunitinib compared to 
exon 11 alterations

Exon 
11

In-frame deletion
Single-nucleotide 
substitution

65% W557_K558del
V559A/D/G, 
V560D, 
W557R, L576P

Respond to imatinib

Exon 
13

Single-nucleotide 
substitution

2% K642E, V654A Associated with 
secondary resistance to 
imatinib
Respond to sunitinib

Exon 
14

Single-nucleotide 
substitution

<1% T670I Associated with 
secondary resistance to 
imatinib

Exon 
17

Single-nucleotide 
substitution

1% D820G, N822V, 
Y823D

Associated with 
secondary resistance to 
imatinib

PDGFRA Exon 
12

Single-nucleotide 
substitution

1% V561D Respond to imatinib

Exon 
14

Single-nucleotide 
substitution

<1% V658A, 
N659Y/K

Respond to imatinib

Exon 
18

Single-nucleotide 
substitution
Deletion

6% D842V
I843_D846del

D842V resistant to 
imatinib
I843_D846del respond 
to imatinib

BRAF Exon 
15

Single-nucleotide 
substitution

4% V600E Resistant to imatinib
May respond to BRAF 
inhibitors

NF1 NA Single-nucleotide 
substitution
Frameshift indels

6% Loss of function 
events

Poor response rates to 
imatinib
Ongoing trials with 
MEK inhibitors

SDH 
A/B/C/D

NA Single-nucleotide 
substitution
Deletion
SDHC promoter 
methylation

5% Loss of function 
events

Poor response to 
imatinib
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and SDHD, is located in the inner mitochondrial membrane, and plays an important 
role in the electron transport chain and the citric acid cycle. SDH-deficient GISTs 
occur in the stomach, typically in children and young adults. At least half of SDH- 
deficient GISTs harbor mutations in one of the four subunit genes, with the most 
common being SDHA. These mutations include frameshift deletions, missense, and 
nonsense mutations and occasionally splice site mutations. Tumors with underlying 
SDH mutations often show simultaneous allelic loss at the respective gene locus, 
consistent with biallelic loss that is classically seen in tumor suppressor genes. 
SDH-deficient tumors do not respond to imatinib but may show response to 
sunitinib.

Alterations in the neurofibromin-1 (NF1) gene are thought to occur in approxi-
mately 6% of GISTs. NF1 is a very large tumor suppressor gene, and mutations that 
disrupt its normal function result in constitutive RAS activation. As such loss of 
function, mutations are identified throughout the gene and are seen both in patients 
with neurofibromatosis type I and sporadically. Most NF1-associated GISTs arise in 
the small intestine, including the duodenum, and show a low response rate to ima-
tinib treatment; a clinical trial using a MEK inhibitor, selumetinib, is currently 
underway for patients with NF1 mutant GISTs.

In about 5% of cases, the driver mutation is BRAF V600E. These GISTs show a 
predilection for the small intestine, arise in middle-aged females, and exhibit a high 
mitotic rate. Accumulating data suggest that BRAF mutant GISTs are resistant to 
imatinib, but may respond to BRAF inhibitors [46].

 Molecular Testing for Familial Syndromes

Hereditary forms of GI cancers and GISTs comprise only a very small subset of 
cases; nonetheless, their recognition is critical for the clinical management of both 
patients and their families. The most common genes associated with these syn-
dromes are shown in Table 7.3, and many of these genes are also associated with 
carcinomas outside the GI tract. Most current panels offered to patients that meet 
clinical criteria for a hereditary cancer syndrome are NGS-based and can detect 
single-nucleotide substitutions and small insertions and deletions in the targeted 
genes. It is important to keep in mind that some events identified in hereditary cases 
consist of large deletions and duplications, which can be more challenging in their 
detection, and laboratories may vary in their testing methods.

Approximately 5% of all CRCs occur in the setting of highly penetrant auto-
somal dominant susceptibility syndromes, the most common being Lynch syn-
drome. Patients who fulfill the revised Bethesda criteria are identified clinically 
for testing [7]. Nonetheless, because reliance on these criteria does not identify 
all patients, there is a recommendation for MSI testing in all CRC as a first step 
toward identifying Lynch syndrome patients that may not fulfill clinical 
criteria.
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The second most common syndrome occurring in fewer than 1% of patients 
affected with CRC is familial adenomatous polyposis (FAP). In classic FAP, patients 
have >100 adenomas throughout the colon and rectum and, if they do not undergo 
prophylactic colectomy, develop CRC by age 40. The underlying genetic aberra-
tions are mutations in the APC gene which is a negative regulator of Wnt/β-catenin 
signaling pathway. Inactivation of APC results in nuclear translocation of β-catenin 
and increased transcription of multiple genes that affect cell proliferation. Patients 
with classic FAP usually have mutations between codons 157 and 1595, while APC 
mutations between codons 1250 and 1464 result in a more severe phenotype with 
>2000 adenomas. In attenuated FAP, patients have fewer adenomas (approx. 
20–100) and tend to develop CRC at a later age. These patients usually have APC 
mutations near the 5′ or 3′ end of the gene and alternatively spliced regions in exon 
9 of APC. Patients with an attenuated FAP phenotype may also show mutations in 
MUTYH, a gene that encodes a base excision repair glycosylase involved in repair 
of 8-oxoG:A mismatches.

Hamartomatous polyposis syndromes such as Peutz-Jeghers (PJS), juvenile pol-
yposis syndrome (JPS), and Cowden’s syndrome (PTEN hamartoma tumor syn-
drome) are implicated in <0.5% of CRC cases. They are characterized by 
hamartomatous GI polyps and increased risk of intestinal or gastric CA as well as 
other tumors outside the GI tract.

The most well-characterized gastric cancer syndrome to date is hereditary dif-
fuse gastric cancer (HDGC) syndrome. Patients are at increased risk for developing 
diffuse-type gastric cancer and have germline mutations in the CDH1 gene, which 
encodes for E-cadherin, a type I transmembrane glycoprotein that regulates cell-cell 
adhesion. Another gene involved in intracellular cell adhesion (CTNNA1) has also 
been implicated in HDGC [47]. Recent exome and targeted sequencing identified 
other candidate genes such as BRCA2, STK11, SDHB, PRSS1, ATM, MSR1, and 
PALB2, but these remain to be validated by future studies [48].

A less frequent syndrome associated with gastric cancer is GAPPS (gastric ade-
nocarcinoma and proximal polyposis of the stomach), a syndrome characterized by 
>100 polyps in the gastric fundus and body and increased risk of gastric adenocar-
cinoma at early age. These patients harbor a germline mutation in the APC 1B 
promoter.

Similar to GI adenocarcinomas, less than 5% of GIST cases are thought to occur 
due to hereditary tumor syndromes. Germline mutations in either KIT or PDGFRA 
have been identified in several families with familial GISTs; KIT exon 11 mutations 
appear to be the most common ones paralleling the high frequency of these muta-
tions in sporadic GISTs. GISTs seen in patients with neurofibromatosis type 1 are 
associated with germline loss of function events in NF1, while GISTs in patients 
with Carney-Stratakis syndrome are associated with germline loss of function muta-
tions in the SDH complex genes, most commonly in SDHB. In contrast to Carney- 
Stratakis, patients with Carney’s triad have a non-inherited, rare condition 
characterized by GISTs, paragangliomas, and pulmonary chondromas, and in these 
patients GISTs show methylation of SDHC promoter.
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Key Points
• Biomarkers, multigene expression assays, and mutation profiling may 

facilitate diagnosis, provide potential treatment options, and identify 
mechanisms of resistance in breast cancer.

• Genetic alterations and dysregulation of signaling pathways involving hor-
mones (ER, PR, AR), growth factors (HER2, FGFR1), cell cycle regula-
tion (cyclin D1, CDK4, CDK6, RB1, TP53), and PI3K/AKT/MTOR 
underlie the pathogenesis of breast cancer.

• Somatic alterations in metastatic breast tumors associated with acquired 
resistance to endocrine therapy include ESR1 mutations involving the 
ligand-binding domain, ERBB2-activating mutations, NF1 loss-of- function 
mutations, and alterations in other MAPK pathway genes (EGFR, KRAS) 
and ER transcriptional regulators (MYC, CTCF, FOXA1, TBX3).
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 Introduction

Breast cancer is one of the leading causes of cancer-related death in women world-
wide. In the United States, 266,120 new cases of invasive breast cancer and 40,920 
deaths are estimated in women for 2018 [1]. After the histologic assessment and 
diagnosis of an invasive breast carcinoma, the use of biomarkers, multigene expres-
sion assays, and mutation profiling may be utilized. Estrogen receptor (ER), proges-
terone receptor (PR), and human epidermal growth factor receptor 2 (HER2) are 
predictive biomarkers in breast cancer, and the American Society of Clinical 
Oncology/College of American Pathologists (ASCO/CAP) guidelines recommend 
testing on every primary invasive breast cancer, recurrence, and metastasis (if stage 
IV and specimen is available) to guide decisions regarding therapy [2–4]. Multigene 
expression assays provide prognostic and therapy-predictive information that com-
plements staging (T, N, M) and biomarker information. The multigene assays listed 
in the National Comprehensive Cancer Network (NCCN) Clinical Practice 
Guidelines in Oncology (NCCN Guidelines Version 3.2018) for breast cancer 
include Oncotype Dx (21 gene), MammaPrint (70 gene), Prosigna (PAM 50), 
EndoPredict (12 gene), and Breast Cancer Index [5]. With the development of 
improved molecular profiling assays with faster turnaround times, the identification 
of “driver” and “actionable” somatic genetic alterations (i.e., missense mutations, 
copy number alterations, insertions or deletions, and rearrangements) in key onco-
genes and tumor suppressor genes now play an essential role in the diagnosis and 
treatment of many cancers, and this is evolving in the treatment of breast cancer as 
well. This chapter summarizes the most clinically significant somatic genetic altera-
tions in breast cancer and how this information can be used to facilitate diagnosis, 
provide potential treatment options, and identify mechanisms of resistance.

 Molecular Diagnostics in Breast Cancer

Breast cancer is a heterogenous disease histologically and at the molecular level and 
next-generation sequencing (NGS) has broadened our understanding of these 
tumors. Genetic alterations and subsequent dysregulation of signaling pathways 
involving hormones (ER, PR, androgen receptor (AR)), growth factors (HER2, 
FGFR1), cell cycle regulation (cyclin D1, CDK4, CDK6, RB1, TP53), and PI3K/
AKT/MTOR underlie the pathogenesis of breast cancer. In addition, molecular pro-
files vary for ER-positive and ER-negative tumors and can be characterized even 
further among the intrinsic subtypes of breast cancer (luminal A, luminal B, HER2- 
enriched, and basal-like) [6]. The Cancer Genome Atlas Network (TCGA) showed 
that the most common recurrent molecular alterations across all breast cancers 
involve the genes TP53, PIK3CA, and GATA3 [7]. Further classification among the 
intrinsic subtypes showed that somatic PIK3CA mutations were more commonly 
seen in luminal tumors (45% of luminal A subtype, 29% of luminal B subtype) and 
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in 39% of HER2-enriched tumors [7]. These types of findings allow the tailoring of 
therapy to specific tumor types. Despite the large number of mutations that may be 
found in breast cancer, there are a limited amount of clinically significant somatic 
alterations, including those that contribute to the appropriate histologic classifica-
tion (Table 8.1) and those that can be targets of therapy, including FDA-approved or 
ongoing clinical trials (Table 8.2). In addition to NGS, alternate methods of detec-
tion for genomic alterations may include immunohistochemistry, fluorescence in 
situ hybridization, chromogenic in situ hybridization, and various single-gene 
assays.

 Resistance Mechanisms in Breast Cancer

Resistance to targeted therapy is a major clinical challenge in the treatment of breast 
cancer. Various resistance mechanisms for all tumor types exist, including primary 
(intrinsic) resistance and secondary (acquired) resistance after treatment. Biopsy 
upon progression of disease is becoming more common to explore mechanisms of 
resistance and new therapeutic options. Somatic alterations in metastatic breast 
tumors associated with resistance to endocrine therapy, in particular, have been 
identified (Table 8.3), and the clinical significance of this information in a practical 
setting is evolving.

Antiestrogen therapy is an effective treatment strategy for women with 
ER-positive breast cancer [35, 36] and includes estrogen deprivation therapy (aro-
matase inhibitors, gonadotropin-releasing hormone agonists) and direct inhibitors 
of ER (selective ER modulators and selective ER degraders) [37, 38]. Despite the 
benefits of these drugs, ESR1 mutations involving the ligand-binding domain can 
develop, resulting in a constitutively active receptor and acquired resistance to 

Table 8.1 Diagnostic somatic alterations in invasive breast cancer

Gene Alteration Description
Available 
assays Significance

CDH1 Truncating mutations, 
loss of heterozygosity, 
promoter methylation

Located on 16q22, 
encodes E-cadherin, 
an intercellular 
adhesion protein

IHC, 
SGA, 
NGS

Diagnostic for lobular 
carcinoma (5–15% of 
invasive BC) [8]

ETV6- 
NTRK3

Translocation t(12;15)(p13;q25) 
leading to ETV6- 
NTRK3 gene fusion

FISH, 
NGS

Diagnostic for 
secretory carcinoma 
(<0.15% of invasive 
BC) [8]

MYB- 
NFIB

Translocation t(6;9)(q22-23;p23-24), 
leading to MYB-NF1B 
gene fusion

FISH, 
NGS

Diagnostic for 
adenoid cystic 
carcinoma (<0.1% of 
invasive BC) [8]

IHC immunohistochemistry, SGA single-gene assay, NGS next-generation sequencing, FISH fluo-
rescence in situ hybridization, BC breast cancer

8 Breast
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estrogen deprivation therapies [39–45]. Activating ESR1 mutations occur in up to 
35–40% of hormone-resistant ER-positive breast cancer, including studies assess-
ing tissue samples and circulating tumor DNA [43–50]. The most common ESR1 
mutations are D538G and Y537S, which are reported as being associated with a 
worse overall prognosis [47]. These mutations rarely occur in untreated primary 

Table 8.3 Clinically significant somatic alterations in invasive breast cancer associated with 
resistance to therapy

Gene 
(chromosome) Alteration Mechanism

Most 
common 
alteration(s)

Available 
assays Significance

ESR1 (6q25) Mutation Constitutive 
ligand- 
independent 
activation of 
ER 
transcription 
and ERα 
expression

E380Q, 
L536H/P/R, 
Y537C/D/
N/S, D538G

SGA, 
NGS

Resistance to 
estrogen deprivation 
therapies, alternate 
therapy with 
AZD9496 or 
fulvestrant may be 
warranted

FGFR1 
(8p11)

Amplification Resistance to 
hormonal 
therapies

N/A FISH, 
NGS

Response to 
pan-FGFR inhibitors 
AZD4547 
(NCT01791985, 
NCT01202591, 
NCT01795768), 
debio 1347 
(NCT03344536), 
erdafitinib 
(NCT03238196)

RB1 (13q14) Mutation 
(inactivating)

Tumor 
suppressor; 
wild-type RB1 
downstream of 
CDK4/6 is 
required for 
CDK4/6 
inhibitors to 
work properly

N/A NGS Resistance to CDK 
4/6 inhibitors 
(palbociclib, 
ribociclib, 
abemaciclib) in 
ER-positive BC 
[29–32]. The 
combination of 
endocrine therapy, 
CDK4/6 inhibitors, 
and PI3 kinase 
inhibitors can prevent 
acquired resistance to 
treatment

AR splice 
variants

Splicing 
mutation

Lacks ligand 
binding 
domain and is 
constitutively 
active

Splice 
variant 7 
(AR-V7)

NGS Resistance to 
androgen deprivation 
therapy [33, 34]

SGA single-gene assay, NGS next-generation sequencing, FISH fluorescence in situ hybridization, 
NCT ClinicalTrials.gov Identifier, BC breast cancer
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tumors but were detected in nearly 30% of ER-positive metastatic breast cancer 
previously treated with aromatase inhibitors [46, 47].

Additional mutations associated with resistance to endocrine therapy have been 
identified by sequencing of metastatic lesions. Amplification and overexpression of 
FGFR1 (~10%) [51] may contribute to poor prognosis in luminal A and luminal B 
breast cancers leading to subsequent endocrine therapy resistance. The cyclin 
D1-CDK4/6-Rb pathway has been implicated in resistance to endocrine therapy as 
well. Targeted CDK4/6 inhibitors (palbociclib, ribociclib, abemaciclib) that act 
upstream of Rb are now routinely used in clinical practice for ER-positive breast 
cancer [29–32]; however, inactivating mutations of RB1 (which is wild type in the 
majority of ER-positive breast cancers [7]) will result in resistance to this targeted 
therapy.

The AR pathway has also emerged as a potential therapeutic target in breast can-
cer, with many ongoing clinical trials in triple-negative breast cancer (i.e., 
ClinicalTrials.gov identifier NCT02605486, NCT03090165, NCT02457910, 
NCT02750358) and other subtypes (i.e., NCT02007512, NCT02676986, 
NCT02955394, NCT02091960). In prostate cancer, resistance to androgen depriva-
tion therapy is frequently associated with the emergence of androgen-independent 
splice variants of the androgen receptor, and women with breast cancer may be 
prone to a similar mechanism of resistance [33, 34].

With more frequent sequencing of metastases, we learn more about the mutation 
profile of tumors exposed to systemic therapy. A recent large study with sequencing 
data from breast tumors previously exposed to hormonal therapy showed an enrich-
ment in ERBB2-activating mutations, NF1 loss-of-function mutations, and altera-
tions in other MAPK pathway genes (EGFR, KRAS) and ER transcriptional 
regulators (MYC, CTCF, FOXA1, TBX3) [52]. The incorporation of these findings 
into clinical practice is ongoing.

 For the Practicing Clinician

Selection of the appropriate material for molecular testing is crucial for useful 
results. Although biopsy of metastatic breast lesions for molecular profiling can be 
very informative, this can be a challenge clinically as many patients have bone-only 
metastases which can be difficult to biopsy/rebiopsy. Decalcified bone specimens 
are unsuitable for molecular testing. Solutions to this problem include (1) perform-
ing a concurrent fine-needle aspiration so a cell block can be prepared, (2) alerting 
the Pathology department of the need for molecular testing by adding a note that the 
core biopsy should not be decalcified, and/or (3) making at least two passes and 
request that one core will not undergo decalcification. In addition, there is a growing 
interest in utilizing circulating tumor cells (CTCs) and circulating DNA (ctDNA) as 
potential tools for “liquid biopsy.”

The primary tumor or metastatic tumor (preferred) can be sent for molecular 
profiling. When tissue is received in the Molecular department, the tumor percent-
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age will be evaluated. It is important to be familiar with the technical/analytic sen-
sitivity and diagnostic sensitivity of the molecular profiling assay being performed. 
The technical sensitivity of an assay will determine the minimum tumor percentage 
necessary in the submitted tissue in order to exclude the possibility of a false- 
negative result. In addition, there are technical limitations inherent in analysis of 
formalin-fixed paraffin-embedded tissue due to the degradation of DNA and mRNA 
that occurs during the fixation process which can lead to alteration in the sensitivity 
and specificity of an assay as well. An understanding of these limitations is always 
important when interpreting molecular results.
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Key Points
• Consider tumor-based molecular assays like Decipher, Oncotype Dx 

Prostate, Prolaris, or Promark for patients with low-risk or favorable 
intermediate- risk disease with at least 10 years life expectancy for initial 
workup and risk stratification.

• Consider testing for homologous gene mutations and for microsatellite 
instability (MSI-H) or mismatch repair deficiency (dMMR) in patients 
with visceral or lymph node metastasis. Mutations in DNA repair genes 
may be predictive of sensitivity to PARP inhibitors and platinum-based 
chemotherapy. Patients with MSI or dMMR are eligible for pembroli-
zumab in CRPC.

• Germline testing should be considered in metastatic, high-risk, very-high- 
risk or regional disease. Furthermore in all patients with a family history 
suspicious for inherited cancer syndrome.

• According to NCCN guidelines, urinary tumor markers can be considered 
in addition to urine cytology and cystoscopy for surveillance in patients 
with high-risk NMIBC.

• Novel molecular taxonomy for MIBC with two major subclasses of lumi-
nal and basal/squamous tumors promises a new approach to therapy 
guidance.

• Luminal-infiltrated and the basal/squamous subtypes tend to benefit most 
from treatment with checkpoint inhibitors.
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 Introduction

Neoplasms of the prostate and bladder are among the most common solid tumors. 
Recent genomic advances have contributed to our understanding of the key driver 
genetic alterations in these malignancies offering new opportunities for targeted 
therapy. Prostate cancers can be stratified into very-low-risk, low-risk, favorable 
intermediate-risk, and unfavorable intermediate-risk categories. Tumor-based 
molecular biomarker testing is currently recommended for low-risk and favorable 
intermediate-risk groups, and germline testing is also recommended for potentially 
all prostate cancer patients considering clinical characteristics.

Key Online Resources
Prostate Cancer

• National Comprehensive Cancer Network (NCCN): https://www.nccn.
org/store/login/login.aspx?ReturnURL=https://www.nccn.org/profession-
als/physician_gls/pdf/prostate.pdf

• American Urological Association (AUA):

 – Early detection of prostate cancer: http://www.auanet.org/guidelines/
prostate-cancer-castration-resistant-(2013-amended-2018)

 – Localized prostate cancer: http://www.auanet.org/guidelines/
prostate-cancer-clinically-localized-(2017)

 – Castration-resistant prostate cancer: http://www.auanet.org/guidelines/
prostate-cancer-castration-resistant-(2013-amended-2018)

• European Association of Urology (EAU): http://uroweb.org/guideline/
prostate-cancer/

Bladder Cancer

• National Comprehensive Cancer Network (NCCN): https://www.nccn.
org/store/login/login.aspx?ReturnURL=https://www.nccn.org/profession-
als/physician_gls/PDF/bladder.pdf

• American Urological Association (AUA):

 – Non-muscle invasive bladder cancer: http://www.auanet.org/guidelines/
bladder-cancer-non-muscle-invasive-(2016)

 – Muscle-invasive bladder cancer: http://www.auanet.org/guidelines/
bladder-cancer-non-metastatic-muscle-invasive-(2017)

• European Association of Urology (EAU):

 – Non-muscle invasive bladder cancer: http://uroweb.org/guideline/
non-muscle-invasive-bladder-cancer/

 – Muscle-invasive bladder cancer: http://uroweb.org/guideline/
bladder-cancer-muscle-invasive-and-metastatic/
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Urothelial carcinoma can be non-muscle-invasive bladder cancer (NMIBC) or 
muscle-invasive disease (MIBC) both with different treatment and prognostic sig-
nificance. A novel molecular genomic-based taxonomy for bladder cancer has 
recently been proposed, and associated potential practical implications are 
discussed.

This chapter lists salient predictive and prognostic biomarkers in prostate cancer 
and urothelial neoplasms as well as molecular approaches examining eligibility for 
therapeutic targets and novel immunotherapy strategies. A summary of noninvasive 
urine-based assays for early detection and surveillance of urothelial carcinoma is 
provided. Practice-based key points and references are emphasized.

 Prostate

 Molecular Diagnostics in Prostate Cancer

Adenocarcinoma of the prostate is the most prevalent cancer type in American men 
with estimated 164,690 new cases diagnosed in 2018 men [1]. Given the wide vari-
ability in clinical behavior of prostate cancer (PCa), its management strategies span 
the spectrum from active surveillance for patients with very-low-risk disease to 
definitive treatment with radical prostatectomy (RP) and radiation therapy for 
patients with localized higher-risk disease. In advanced metastatic setting, therapeu-
tic options include androgen-deprivation therapy, chemotherapy, and more recently 
immunotherapy.

Salient molecular events in PCa development are shown in Fig. 9.1. TMPRSS2- 
ERG rearrangement occurs in approximately half of PCa making it the most com-
mon alteration in human solid tumors [2]. In progression from localized to metastatic 
PCa, PTEN loss and telomerase activation play a critical role. Amplification of the 
androgen receptor gene locus, TP53 mutation or deletion, and RB deletion are com-
mon in late-stage disease [3].

PCa is now recognized as one of the most heritable cancer types driven by 
numerous inherited germline genetic risk variants. Most established among these 
are germline mutations in BRCA 2 tumor suppressor gene and HOXB13 (G84E) that 
carries a 4.5- and 2.93-fold risk of PCa development [4, 5]. Patients with Lynch 
syndrome harbor a 2.13-fold risk for developing PCa [6].

 Prognostic Molecular Assays in PCa

Recently, the value of prostatic-specific antigen (PSA) screening strategy in affect-
ing overall prostate cancer survivorship has been questioned. In this regard, molecu-
lar assays may assist in avoidance of overtreatment of clinically indolent disease 
and identifying patient with a higher probability of developing lethal disease. 
Several commercially available genomic/proteomic tests are now available at the 
disposal of urologists and urologic oncologists to guide management. Some of these 
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assays are shown in Table 9.1. Current NCCN guidelines recommend a consider-
ation of these test only in men with low-risk or favorable intermediate-risk disease 
with a life expectancy of at least 10 years during initial risk stratification. Molecular 
assays performed on prostate needle biopsy or RP specimens carry prognostic infor-
mation independent of NCCN risk groups. These include, but are not limited to, 
likelihood of death with conservative management, likelihood of biochemical pro-
gression or metastasis after RP, or external beam therapy [7].

 Targets of Therapy and Predictive Molecular Markers

The Cancer Genome Atlas Network has recently carried out a detailed molecular 
analysis of 333 primary prostate cancers. Based on genetic, epigenetic, and proteomic 
analysis, 74% of tumor were assigned to one of seven molecular subtypes defined by 
a specific oncogenic driver. These include four gene fusions (ERG, ETV1, ETV4, 

Normal prostate
epithelium

Proliferative
Inflammatory Atrophy

TMPRSS2-ERG
rearrangement

GSTP1 promoter
hypermethylation

PIN

p27 loss
NKX3.1 loss

Localized PCa

Metastatic PCa

PTEN loss

AR mutation
AR amplification

Castration Resistant
PCa

Critical Telomeres
shortening

C-myc alteration
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FLI1: 46%, 8%, 4%, and 1% of cases, respectively) and three genetic mutations 
(SPOP, FOXA1, IDH1: 11%, 3%, and 1%, respectively). The TCGA study identified 
therapeutically targetable alterations in PI3K and MAPK (RAS) pathways affecting 
25% of all PCa tumors [13]. Distribution of most common genetic alterations in 
another dataset (MSK-IMPACT dataset) are shown by pathway across locoregional, 
metastatic non-castrate, and metastatic castration resistant, shown in Fig. 9.2 [14].

Several independent studies identified mutations in DNA repair genes in 12–27% 
of all PCa. These are more frequent in metastatic castration-resistant prostate cancer 
(CRPC) than in localized cancer [13, 15–17]. Germline DNA repair gene mutations 
occur in 11.8% of men with metastatic and in 6% of men with localized high-risk 
PCa [16]. Preliminary studies have suggested that either germline or somatically 
acquired mutations in these genes might be predictive of the therapeutic benefit of 
poly-ADP ribose polymerase (PARP) inhibitors, e.g., olaparib [17, 18]. Furthermore, 
presence of BRCA/ATM germline mutations may predict better response to next- 
generation hormonal therapy in CRPC patients [15]. Distribution of inherited DNA 
repair gene mutations in men with metastatic PCa is shown in Fig. 9.3.

Similar to other solid tumors, DNA mismatch repair deficiency (dMMR) has been 
suggested to predict response to immune checkpoint blockade with antibodies to 
programmed death receptor-1 (PD-1) [19]. CRPC patients with tumors harboring 
these alterations are now eligible for treatment with the immune checkpoint inhibitor 
pembrolizumab. dMMR status may also be predictive for the sensitivity to platinum 
agents [20]. Therefore, testing tumor for microsatellite instability (MSI-H) or dMMR 
should be considered in PCa patients with visceral and/or lymph node metastasis.

The current NCCN guidelines recommend considering germline testing for all 
men with metastatic, regional, or high-/very-high-risk clinically localized prostate 
cancer. Furthermore, if a familial cancer syndrome is suspected, germline testing 
can be considered also in patients with very low, low, favorable intermediate, and 
unfavorable intermediate risk [7].

 Bladder

 Molecular Diagnostics in Bladder Cancer

Urothelial carcinoma is the most common malignancy of the bladder with estimated 
81,190 new cases and 17,240 cancer-related deaths in 2018 in the USA [1]. Invasive 
bladder cancer evolves through two distinct precursor lesions: noninvasive papillary 
tumors and “flat” urothelial carcinoma in situ (CIS). Due to high recurrence rates 
(up to 75%) [21] and likelihood for progression (up to 25%) [22], patients diag-
nosed with non-muscle-invasive bladder cancer (NMIBC) are regularly followed by 
cystoscopy and cytology. Treatment options for NMIBC include transurethral tumor 
resection and for high-risk patients intravesical instillation of an attenuated strain of 
Mycobacterium bovis (bacillus Calmette-Guérin “BCG”) [23–25]. Muscle-invasive 
disease (MIBC) is treated with radical cystectomy/cystoprostatectomy with or with-
out chemotherapy (or less frequently radiotherapy) in the neoadjuvant or adjuvant 

9 Genitourinary Tumors
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setting [25–27]. In patients with metastatic disease, treatment primarily involves 
chemotherapy and more recently immunotherapy with immune checkpoint inhibi-
tors interfering in the PD-1/PD-L1 pathway [28–30]. Predictive biomarkers of 
response are under active investigation.

 Diagnostic Assays

Noninvasive urine-based diagnostic approaches for early detection and surveillance 
of bladder cancer are being investigated. The current NCCN guidelines recommend 
consideration of such markers during follow-up for high-risk NMIBC. Most com-
monly used and promising urine-based assays are shown in Table 9.2.

 Genomic Taxonomy, Targets of Therapy, and Predictive Markers

Two TCGA studies of bladder cancer have been completed that support a novel 
molecular taxonomy for MIBC with two major subclasses of luminal and basal/
squamous tumors. Luminal tumors are characterized by KRT20, GATA3, and 
FOXA1 positivity, while basal/squamous tumors are typically positive for 
KRT5/6/14 and negative for GATA3 and FOXA1. These two subclasses can be fur-
ther stratified based on genetic, epigenetic, and proteomic signature into four 
molecular subclasses: luminal-papillary (35%), luminal-infiltrated (19%), luminal 
(6%), and basal/squamous (35%). A fifth group of tumors (neuronal) is now also 
recognized accounting for 5% of MIBC (see Fig. 9.4).

RAD51C, 1%

MSH6, 1% MRE11A, 1%

BRIP1, 1%
FAM175A, 1%

MSH2, 1%

GEN1, 2%
PMS2, 2%

NBN, 2%
ATR, 2%

RAD51D, 4%

PALB2, 4%

BRCA1, 7%

CHEK2, 12%

ATM, 13%

BRCA2, 44%

Fig. 9.3 Distribution of 
inherited DNA repair 
gene mutations in men 
with metastatic PCa [16]. 
(Reprinted with 
permission from 
Massachusetts Medical 
Society)
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Table 9.3 Pathway alterations and targets of therapy

Altered gene/
protein

Drug 
category Drug examples Clinical trials examples (phase)

RTK/RAS pathway
FGFR1, 
FGFR2, FGFR3

Pan-FGFR 
inhibitor

BAY1163877; 
dovitinib

NCT01976741 (1)
NCT01732107 (2) (completed)

FGFR 3 
inhibitor

B-701 NCT02401542 (1b/2)
NCT03123055 (1b/2) (combined with 
prembrolizumab)

ERBB2, 
ERBB3

ERBB2 
inhibitor

Trastuzumab; 
lapatinib; DN24–02; 
T-DM1

NCT00238420 (1/2)
NCT01245660 (1) (completed)
NCT02342587 (2) (completed)
NCT01353222 (2) (terminated)
NCT01953926 (2)

PI3K/AKT/mTOR pathway
PIK3CA, 
AKT1, AKT3, 
TSC1, TSC2, 
PTEN

mTOR 
inhibitor

Sapanisertib; 
Everolimus; 
AZD2014

NCT03047213 (2)
NCT00805129 (2) (not recruiting)
NCT02546661 (1)
NCT01259063 (1) (completed)

pan-PI3K 
inhibitor

BKM120 
(buparlisib); 
BYL719

NCT01470209 (1) (combined with 
everolimus) (completed)

Immune modulators
CTLA4 Anti- 

CTLA4
Ipilimumab; 
tremelimumab

NCT02812420 (1) (combined with 
durvalumab)
NCT03150836 (1/2) (combined with 
durvalumab)
NCT03234153 (2) (combined with 
durvalumab)
NCT03601455 (2) (combined with 
durvalumab and radiation therapy)

PD-L1 (CD274)
PD-1

Anti-PDL1
Anti-PD1

Atezolizumab; 
pembrolizumab 
(MK-3475)

NCT02450331 (3)
NCT02108652 (2) (active not recruiting)
NCT02302807 (3) (active not recruiting)
NCT02256436 (3) (active not recruiting)
NCT02853305 (3) (active not recruiting)
NCT02625961 (2)
NCT03577132 (NA) for patients with 
basal/squamous tumors (high KRT5/6 and 
KRT14 and low/undetectable expression 
of FOXA1 and GATA3)

Treatment based on genetic profile of the tumor
MATCH 
screening trial

Drugs based on 
genetic profile of the 
tumor

NCT02465060 (2)

From Netto and Tafe [43]. Reprinted with permission from Elsevier
https://clinicaltrials.gov/ct2/home Accessed 24 August 2018

M.-L. Eich and G. J. Netto

https://clinicaltrials.gov/ct2/home
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The luminal-infiltrated and the basal/squamous subtypes show high levels of 
immune-expression signature and therefore tend to benefit most from treatment 
with checkpoint inhibitors like antibodies against PD-1, PD-L1, and CTLA4. The 
luminal-papillary subtype displays FGFR3 activation (mutations, amplifications, or 
overexpression) in 44% of the cases making them a target for treatment with FGFR3 
inhibitors. While the luminal-papillary and luminal-infiltrated subclass tend to be 
resistant to chemotherapy, patients with tumors of the basal/squamous and neuronal 
subclass are more likely to benefit for neoadjuvant chemotherapy [42]. Additional 
targets of therapy are shown in Table 9.3.
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Key Points
• Gynecologic malignancies are a histologically and molecularly heteroge-

neous group of tumors comprising tumors of epithelial, mesenchymal, 
germ cell, and sex cord origins.

• Molecular diagnostics of gynecological malignancies is becoming a more 
valuable tool for diagnosis, prognosis, and prediction of response to 
therapies.

• Recurrent genetic alterations can now define rare subtypes of tumors that 
share a similar clinical course.

Key Online Resources
• Ovary NCCN: https://www.nccn.org/patients/guidelines/ovarian/files/

assets/common/downloads/files/ovarian.pdf
• Endometrial cancer NCCN: https://www.nccn.org/professionals/physi-

cian_gls/pdf/uterine.pdf
• Uterine mesenchymal tumors NCCN: https://www.nccn.org/professionals/

physician_gls/pdf/uterine.pdf
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 Introduction

In recent years, large-scale genomic efforts, like The Cancer Genome Atlas (TCGA) 
project have produced a wealth of genomic information and provided new frame-
works in which to view and classify the morphologic heterogeneity of gynecologic 
neoplasms. For some tumors, new classification systems further define the stepwise 
progression of tumorigenesis. In others, like endometrial cancers, grouping tumors 
into molecular classifications correlate with patient prognosis. Identification of 
germline mutations in genes associated with inherited syndromes, such as heredi-
tary breast and ovarian cancer syndrome and Lynch syndrome has allowed for early 
detection of precursor lesions in risk-reducing prophylactic surgeries and genetic 
counseling for families with germline mutations. In addition, somatic and germline 
alterations in these same genes have implications for eligibility for therapy with 
PARP inhibitors or immunotherapies, respectively. Molecular characterization of 
gynecologic tumors complements standard histology assessment and can inform the 
diagnosis, prognosis, and selection of therapeutic approaches.

 Ovary

Epithelial ovarian tumors are the most common primary ovarian malignancies, 
accounting for 90% of newly diagnosed cases of ovarian cancer [1, 2]. Broadly, 
epithelial ovarian tumors can be divided into two categories, Type I and Type II. 
Type I tumors, such as low-grade serous carcinoma (LGSC), develop from precur-
sor lesions (i.e., atypical proliferative serous tumors) and are typically present at an 
earlier clinical stage [2–5]. Activating mutations in KRAS and BRAF are potential 
biomarkers identified in the development of low-grade serous carcinomas that lead 
to aberrant signaling in the RAS-MAPK (mitogen-activated protein kinase) path-
way (Table 10.1) [1, 2, 5–7]. The stepwise, indolent growth pattern of LGSC is 
problematic for treatment, as many patients recur despite surgery and/or hormonal 
therapy [6]. Clinical trials are evaluating MEK inhibitors for targeted therapy of 
low-grade serous carcinoma, particularly in patients with resistance to cytotoxic 
chemotherapy and protracted or recurrent disease [2, 7].

Type II epithelial ovarian tumors, including high-grade serous carcinoma 
(HGSC), carcinosarcoma (MMMT), and undifferentiated carcinomas, are geneti-
cally unstable, are typically present in older women, and are highly aggressive [1–
4]. Although once thought to originate from the surface epithelium of the ovary, 
intraepithelial lesions in the fallopian tube (i.e., serous tubal intraepithelial lesion) 
are now thought to be precursors of high-grade serous carcinoma [2, 6]. In contrast 
to the activating KRAS and BRAF mutations in LGSC, many HGSC harbor TP53 
mutations or lose the integrity of BRCA1 and BRCA2 functionality [1–6, 8]. TP53 
mutations in HGSC can often be identified immunohistochemically by an aberrant 
(mutant) nuclear overexpression or a complete loss (null pattern) of p53 expression 

J. L. Dillon and L. J. Tafe



151

Ta
bl

e 
10

.1
 

M
ut

at
io

ns
 c

om
m

on
ly

 id
en

tifi
ed

 in
 e

pi
th

el
ia

l o
va

ri
an

 tu
m

or
s 

[1
–1

6]

T
um

or
 ty

pe
G

en
e

M
ut

at
io

n 
ty

pe
/s

pe
ci

fic
 m

ut
at

io
n

%
 o

f 
ca

se
s 

w
ith

 m
ut

at
io

n/
ge

ne
tic

 a
lte

ra
tio

n
C

lin
ic

al
 im

pl
ic

at
io

n

L
ow

-g
ra

de
 s

er
ou

s 
ca

rc
in

om
a 

(L
G

SC
)

B
R

A
F

 (
R

A
S-

M
A

P
K

 
pa

th
w

ay
)

A
ct

iv
at

in
g 

m
ut

at
io

n
2–

5%
R

A
S/

R
A

F/
M

E
K

/E
R

K
 p

at
hw

ay
 in

hi
bi

to
r

R
A

S 
(K

R
A

S,
 N

R
A

S,
 

H
R

A
S)

 (
R

A
S-

M
A

P
K

 
pa

th
w

ay
)

A
ct

iv
at

in
g 

m
ut

at
io

n
16

–1
9%

R
A

S/
R

A
F/

M
E

K
/E

R
K

 p
at

hw
ay

 in
hi

bi
to

r

H
ig

h-
gr

ad
e 

se
ro

us
 

ca
rc

in
om

a 
(H

G
SC

)
T

P
53

M
is

se
ns

e 
(>

50
%

)
Fr

am
es

hi
ft

/s
pl

ic
in

g 
ju

nc
tio

ns
/n

on
se

ns
e 

(3
9%

)

96
%

A
dv

an
ce

d 
st

ag
e 

at
 p

re
se

nt
at

io
n,

 p
oo

r 
5-

ye
ar

 
su

rv
iv

al
, e

ar
ly

 r
el

ap
se

, b
ro

ad
 c

he
m

or
es

is
ta

nc
e

B
R

C
A

1
B

R
C

A
2

G
er

m
lin

e 
L

O
H

 (
he

re
di

ta
ry

 b
re

as
t a

nd
 

ov
ar

ia
n 

ca
nc

er
 s

yn
dr

om
e)

So
m

at
ic

 (
6%

)
H

yp
er

m
et

hy
la

tio
n 

of
 th

e 
B

R
C

A
1 

pr
om

ot
er

47
%

E
lig

ib
ili

ty
 f

or
 P

A
R

P 
in

hi
bi

to
r 

th
er

ap
y

C
le

ar
 c

el
l c

ar
ci

no
m

a
A

R
ID

1A
A

be
rr

an
t c

hr
om

at
in

 r
em

od
el

in
g

46
–5

7%
H

ig
h 

re
si

st
an

ce
 to

 p
la

tin
um

-b
as

ed
 th

er
ap

y

P
IK

3C
A

E
xo

ns
 9

 a
nd

 2
0

K
in

as
e 

ac
tiv

at
io

n 
of

 p
11

0α
33

%
Sm

al
l m

ol
ec

ul
ar

 in
hi

bi
to

rs
, t

ar
ge

tin
g 

PI
3K

T
E

R
T

Pr
om

ot
er

 g
ai

n-
of

- f
un

ct
io

n 
m

ut
at

io
n

C
22

8T
C

25
0T

15
.9

%
M

ut
ua

lly
 e

xc
lu

si
ve

 w
ith

 lo
ss

 o
f 

A
R

ID
1A

 a
nd

 
P

IK
3C

A

E
nd

om
et

ri
oi

d 
ca

rc
in

om
a

C
T

N
N

B
1

M
is

se
ns

e 
m

ut
at

io
n

16
–5

4%
Fr

eq
ue

nt
ly

 lo
w

er
 g

ra
de

, m
or

e 
fa

vo
ra

bl
e 

pr
og

no
si

s 
(B

E
L

L
)

M
L

H
1,

 P
M

S2
, M

SH
2,

 
M

SH
6

G
er

m
lin

e 
m

ut
at

io
n

So
m

at
ic

 m
ut

at
io

n 
(i

nc
lu

di
ng

 M
L

H
1 

pr
om

ot
er

 h
yp

er
m

et
hy

la
tio

n)

12
–1

9%
M

ic
ro

sa
te

lli
te

 in
st

ab
ili

ty
; L

yn
ch

 a
nd

 L
yn

ch
-l

ik
e 

sy
nd

ro
m

e

P
T

E
N

L
O

H
20

%
M

ut
at

io
ns

 a
nd

 L
O

H
 h

av
e 

be
en

 id
en

tifi
ed

 in
 

ad
ja

ce
nt

 e
nd

om
et

ri
ot

ic
 c

ys
ts

G
er

m
lin

e 
m

ut
at

io
n:

 C
ow

de
n 

sy
nd

ro
m

e

M
uc

in
ou

s 
tu

m
or

s
K

R
A

S
A

ct
iv

at
in

g 
m

ut
at

io
n

33
–8

6%

B
re

nn
er

 tu
m

or
K

R
A

S
M

ut
at

io
n

C
C

N
D

1
A

m
pl

ifi
ca

tio
n

M
Y

C
A

m
pl

ifi
ca

tio
n

10 Gynecologic Malignancies



152

and a concomitant elevation in the Ki-67 proliferation index (Table  10.1) [6]. 
Treatment of HGSC can be challenging given the genetic instability, highly aggres-
sive nature of these tumors, and development of chemoresistance [3, 8–11]. Also, 
patients often present with an advanced stage of disease at the time of clinical pre-
sentation. Novel treatment options for somatic and germline mutations in BRCA1/2 
genes, including eligibility for poly (ADP-ribose) polymerase (PARP) inhibitors, 
are showing promising results, and several of these agents are now FDA approved 
[10, 11]. Mutation in BRCA1/2 genes is one mechanism leading to homologous 
repair deficiency (HRD) in tumor cells. Tumors with HRD are sensitized to PARP 
inhibition, which blocks the base excision repair pathway. The combination of HRD 
and PARP inhibition leads to DNA damage and death of tumor cells and also has 
less adverse treatment side effects than standard chemotherapies [10, 11].

Endometrioid carcinomas of the ovary can be categorized as either Type I (low- 
grade endometrioid carcinoma) or Type II (high-grade endometrioid carcinoma) 
epithelial ovarian tumors and most commonly harbor genetic mutations in CTNNB1 
and PTEN [1]. Similar to endometrial carcinomas, germline mutations in DNA mis-
match repair genes MLH-1, PMS2, MSH2, and MSH6 are associated with Lynch 
syndrome, imparting an increased lifetime risk for ovarian cancer in susceptible 
patients (Table 10.1) [1].

The discovery of similar mutational profiles in endometriotic lesions with adja-
cent endometrioid or clear cell carcinomas strongly suggests endometriosis as a 
precursor for endometrioid and clear cell carcinomas of the ovary [1, 12–14]. Clear 
cell carcinoma typically presents as a lower stage, like Type I tumors; however, the 
clinical course is often more aggressive with a worse prognosis and poor response 
to platinum-based agents, similar to Type II tumors [3, 12–16]. The tumor suppres-
sor gene, ARID1A, is the most commonly altered gene in clear cell carcinoma 
[12–16].

Sex cord tumors with annular tubules (SCTAT) are exceedingly rare ovarian 
tumors that can present as a result of sporadic or germline mutations in STK11/
LKB1 [17, 18]. Sporadic tumors tend to be symptomatic as a result of larger, unilat-
eral tumors and have a greater propensity to behave aggressively. Conversely, 
SCTAT tumors in patients with Peutz-Jeghers syndrome are less likely to present 
with clinical symptoms, behave in a benign manner, and are commonly identified in 
both ovaries on microscopic examination [17]. Additional alterations in sex cord- 
stromal tumors are shown in Table 10.2 [17–19].

Small cell carcinoma of the ovary of hypercalcemic type (SCCOHT) character-
istically contains a somatic or germline mutation in the SMARCA4 (BRG1) gene 
located on chromosome 19p [20]. The deleterious mutation leads to aberrant func-
tioning of the SWI/SNF chromatin remodeling [21] complex and results in a highly 
aggressive ovarian tumor. SCCOHT is most commonly diagnosed in the second 
decade of life with hypercalcemia identified in 30–66% of all tested patients [22]. 
Mutations in the SMARCB1 gene associated with the SWI/SNF chromatin remodel-
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ing pathway are also found in pediatric rhabdoid tumors (i.e., atypical teratoid rhab-
doid tumor (ATRT) and malignant rhabdoid tumors of the kidney) [22]. SCCOHT 
have a poor prognosis due to the increased frequency of extraovarian spread at the 
time of diagnosis [17, 22]. Despite attempts to further subclassify this tumor, the 
cell of origin remains unclear and the undifferentiated nature is problematic for 
determining the best course of treatment [21].

 Endometrial Cancer

Uterine carcinomas are divided into Type I, endometrioid carcinomas (typically 
grades 1–2), and Type II, other carcinomas (serous, clear cell, and some grade 3 
endometroid carcinomas). Type I tumors are more common in perimenopausal and 
menopausal women with an elevated body mass index (BMI) and hyperestrogenic 
state and tend to be lower grade and stage at diagnosis [23]. The most common gene 
alterations identified in Type I endometrioid carcinomas include PTEN, CTNNB1 
(ß-catenin), DNA mismatch repair genes, KRAS, PIK3CA, and POLE (Table 10.3) 
[24, 25]. Some tumors are thought to arise through a stepwise progression from 

Table 10.2 Mutations identified in sex cord-stromal tumors of the ovary [17–22]

Tumor type Gene
Mutation type/
specific mutation

% of cases with 
mutation/genetic 
alteration Clinical implication

Adult granulosa 
cell tumor

FOXL2 p.C134W 
(c.402C>G)

61–97% Reportedly worse 
disease-free and overall 
survival

TERT Promoter 
gain-of-function 
mutation
C228T
C250T

22% (primary)
41% (recurrent)

Sertoli-Leydig 
cell tumors

DICER1 Germline
Somatic 
mutations
p.D1709N 
(c.5125G>A) 
(38%)
p.E1705K 
(c.5113G>A) 
(80%)

0–62.5% Well-differentiated 
SLCTs do not appear to 
harbor DICER1 
mutations

Sex cord tumor 
with annular 
tubules (SCTAT)

STK11/
LKB1

Germline 
mutation, LOH

Peutz-Jeghers syndrome 
(PJS), tumors are often 
small and bilateral
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precursor hyperplastic lesions, as evidenced by the discovery of PTEN mutations in 
nonatypical and atypical endometrial hyperplasia associated with endometrioid car-
cinomas arising in a hyperestrogenic state [23]. Women with endometrial carcino-
mas associated with Lynch syndrome have germline mutations in the DNA mismatch 
repair genes MLH-1, PMS2, MSH2, and MSH6, whereas tumors with sporadic mis-
match repair deficiency and microsatellite instability can result from somatic muta-
tions in these same genes or, most frequently, MLH1 promoter hypermethylation 
[25, 26]. Women affected by Lynch syndrome present with endometrial tumors 
nearly a decade earlier than sporadic cases and occasionally harbor synchronous or 
metachronous tumors in extrauterine organs, including the ovaries and lower gastro-
intestinal tract at the time of diagnosis.

Type II carcinomas, including serous, clear cell, and some grade 3 endometrioid 
carcinomas, are high-grade cancers that more frequently develop in postmenopausal 
women. Serous carcinomas typically arise from atrophic endometrium or endome-
trial polyps and are not associated with unopposed estrogen or endometrial hyper-
plasia. The tumors are highly aggressive, frequently displaying chromosomal 
instability, aneuploidy, and loss of heterozygosity (Table 10.3). Nearly all serous 
carcinomas are associated with mutations in TP53, identified through immunohisto-
chemical staining as an aberrant diffuse nuclear overexpression or “null” phenotype 
with complete loss of expression of p53 [23].

The ProMisE (Proactive Molecular Risk Classifier for Endometrial Cancer) is a 
proposed method for subclassifying endometrial carcinomas into four distinct 
groups based on the clinicopathologic and molecular analysis of more than 400 
endometrial tumors [27]. Using immunohistochemistry, and POLE mutation analy-
sis, endometrial tumors are divided into mismatch repair deficient (MMR-D, hyper-
mutated), POLE (ultramutated), copy number high (p53 abnormal), and copy 
number low (p53 wild-type) tumors, the same four categories delineated by the 
Endometrial TCGA studies [27, 28]. Application of this algorithm assists clinicians 
with therapeutic management and potential clinical trial entry by subclassifying the 
endometrial tumors into prognostically significant groups [27, 28].

 Uterine Mesenchymal Tumors

With the application of next-generation sequencing technologies, an increasing 
number of recurrent genetic alterations have been identified in a very challenging 
category of gynecologic tumors, the mesenchymal derived tumors (Table 10.4) [29–
38]. In some instances, such as the high-grade endometrial stromal sarcoma, recur-
rent fusions define tumors with distinct morphology, immunohistochemical 
phenotype, and clinical course [32].

10 Gynecologic Malignancies
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whereas the remaining 70% of sarcomas are of complex karyotype.
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 Introduction

Soft tissue tumors constitute a rare, heterogeneous group of mesenchymal neo-
plasms exhibiting a spectrum of morphologies. There are more than 100 histologic 
subtypes, and sarcomas collectively account for 1% of adult and 15% of pediatric 
malignancies. During the last two decades, considerable progress in the understand-
ing and application of molecular techniques has been achieved in refining our cur-
rent understanding beyond the limits of traditional approaches.

The development of novel therapies has been slow due to the inherent genetic het-
erogeneity of these tumors and the difficulty conducting large clinical trials. Although 
treatment continues to be based on cytotoxic chemotherapy regimens, the identifica-
tion of reciprocal chromosomal translocations, fusion genes, and activating or inacti-
vating mutations of select oncogenes or tumor suppressor genes with potential 
implications in the pathogenesis, diagnosis, and treatment has been revolutionary. The 
era of molecular targeted therapy presents an opportunity for biomarker discovery and 
meaningful treatment options for patients who do not respond to traditional therapies.

• Soft tissue tumors are categorized in 12 groups according to the 2013 World 
Health Organization (WHO) classification:

 – Adipocytic
 – Fibroblastic/myofibroblastic
 – Fibrohisitocytic
 – Smooth muscle
 – Pericytic (perivascular)
 – Skeletal muscle
 – Vascular
 – Chondro-osseous
 – Gastrointestinal stromal
 – Nerve sheath
 – Uncertain differentiation
 – Undifferentiated/unclassified

• Tumor behavior is classified as benign, intermediate (locally aggressive, rarely 
metastasizing), and malignant.

• Approximately one-third of sarcomas are associated with translocations [1–3].

 – These are mainly balanced, reciprocal with generally simple karyotype.
 – Common methods of detection is fluorescence in situ hybridization (FISH), 

RT-PCR, and next-generation sequencing (NGS).
 – They frequently involve tyrosine kinases and can cause constitutive activation 

and tumor proliferation.

• The remaining 70% of sarcomas are of complex karyotype.

K. Linos
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Table 11.1 Recurrent translocations and clinically relevant genetic abnormalities in selected 
sarcomas

Soft tissue tumor
Chromosomal 
abnormality Gene fusion

Approximate 
prevalence Comment(s)

Alveolar 
Rhabdomyo-
sarcoma

t(2;13)(q35;q14)
t(1;13)(p36;q14)
Other t with 2q35

PAX3-FOXO1
PAX7-FOXO1
PAX3 (FOXO4, 
NCOA1, NCOA2, 
AFX)

75%
20%
5%

Alveolar soft part 
sarcoma

t(X;17)
(p11.2;q25)

ASPSCR1-TFE3 >95%

Angiomatoid 
fibrous 
histiocytoma

t(2;22)(q34;q12)
t(2;22)(q34;q12)
t(12;16)(q13;p11)

EWSR1-CREB1
EWSR1-ATF1
FUS-ATF1
EWSR1-CREM

72%
21%
7%
Rare

EWSR1-ATF1 
especially in 
unusual sites

Angiosarcoma, 
radiation 
associated [4]

MYC 
amplification

Angiosarcoma, 
sporadic

ROS1-GOPC/FIG Preliminary data; 
one recent case of 
hepatic 
angiosarcoma. 
Potentially 
targetable with 
crizotinib

EWSR1-ATF1 One case reported 
in the salivary gland

Atypical 
lipomatous tumor/
well-differentiated 
liposarcoma

12q rings and 
giant markers

NA Most HMGIC, CDK4, 
and MDM2 
amplification

Biphenotypic 
sinonasal Sarcoma 
[5, 6]

PAX3-MAML3
PAX3-FOXO1
PAX3-NCOA1
PAX3-NCOA2
PAX3-WWTR1
PAX3 with 
unknown partner
MAML3 without 
PAX3

PAX3-
MAML3 
most 
common

Clear cell sarcoma 
of soft parts

t(12;22)(q13;q12)
t(2;22)(q34;q12)

EWSR1-ATF1
EWSR1-CREB1
EWSR1-CREM

90%
10%
Rare

Clear cell sarcoma 
of the kidney 
(CCSK)

BCOR internal 
tandem 
duplication

Most cases Overlap with renal 
sarcomas harboring 
BCOR-CCNB3 or 
YWAAE-NUTM2B

Dermatofibro-
sarcoma 
protuberans/giant 
cell fibroblastoma 
[7, 8]

+ring/marker 
chromosome from 
t(17;22)(q22;q13)

COL1A1-PDGFB 95%

COL6A3- PDGFD
EMILIN2-PDGFD

(continued)

 Sarcomas with Recurrent Translocations (Table 11.1)
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Soft tissue tumor
Chromosomal 
abnormality Gene fusion

Approximate 
prevalence Comment(s)

Desmoplastic 
small round cell 
tumor

t(11;22)(p13;q12) EWSR1-WT1 >95%

Endometrial 
stromal cell 
sarcoma [9]

t(7;17) JAZF1-SUZ12 Low grade
JAZF1-PHF1

JAZF1-BCORL1

EPC1-PHF1

MEAF6-PHF1

BRD8-PHF1

MBTD1-CXorf67

t(10:17)(q22;p13) KDM2B-CREBBP High grade
t(X;22)
(p11.4;q13.2)

YWHAE-NUTM2A 
and/or NUTM2B

ZC3H7B-BCOR

Epithelioid 
hemangioendo-
thelioma [10–13]

t(7;9)(q22;q13)
t(X;11)
(p11.2;q22.1)

WWTR1-CAMTA1
TFE3-YAP1

85%
NA

Ewing sarcoma/
PNET/Ewing 
family of tumors 
[14]

t(11;22)(q24;q12)
t(21;22)(q22;q12)
t(7;22)(q22;q12)
t(17;22)(q21;q12)
t(2;22)(q36;q12)
inv(22)(q12q12)
t(2;22)(q31;q12)
t(20;22)(q13;q12)
t(4;22)(q31;12)
t(6;22)(p21;q12)
t(16;21)(p11;q22)
t(2;16)(q36;p11)

EWSR1-FLI1 90%
EWSR1-ERG 5%
EWSR1-ETV1 <1%
EWSR1-ETV4 <1%
EWSR1-FEV <1%
EWSR1-PATZ1 <1%
EWSR1-SP3 <1%
EWSR1-NFATC2 <1%
EWSR1-SMARCA5 <1%
EWSR1-POU5F1 <1%
FUS-ERG <1%
FUS-FEV <1%

Extraskeletal 
myxoid 
chondrosarcoma

t(9;22)(q22;q12)
t(9;17)(q22;q12)
t(9;15)(q22;q21)
t(3;9)(q12;q22)

EWSR1-NR4A3
TAF15-NR4A3
TCF12-NR4A3
TFG-NR4A3
HSPA8-NR4A3
NR4A3-FUS

75%
15%
<1%
<1%
Very rare
Very rare

Infantile 
fibrosarcoma

t(12;15)(p13;q25) ETV6-NTRK3
EML4-NTRK3
BRAF gene 
fusions

>95%
Rare
Rare

BRAF intragenic 
deletion, TPM3-
NTRK1, LMNA-
NTRK1, 
SQSTM1-NTRK1, 
and TFG-MET 
have been reported 
in pediatric 
sarcomas 
resembling 
infantile 
fibrosarcoma

Table 11.1 (continued)
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Soft tissue tumor
Chromosomal 
abnormality Gene fusion

Approximate 
prevalence Comment(s)

Inflammatory 
myofibroblastic 
tumor [15]

t with 2p23 ALK fusion with 
various partners
(TPM3/4, CLTC, 
RANBP2, CARS, 
ATIC, SEC31L1, 
SEC31A, IGFB5, 
THBS1, 
PPF1BP1, 
DCTN1, EML4, 
PRKAR1A, LMNA, 
TFG, FN1, DES, 
A2M, NUMA1, 
HNRNPA1), ALK 
amplification
ROS, RET, ETV6, 
PDGFRb, NTRK3 
fusions with 
various partners

75%

Leiomyosarcoma, 
epithelioid, uterine

t(9;11)
(q22.3;q22.1)

NRA4A3-PGR
PGR 
rearrangements

A subset of 
epithelioid 
leiomyo-
sarcomas

Leiomyosarcoma, 
myxoid, uterine 
[16]

TRPS1-PLAG1
RAD51B-PLAG1

Low-grade 
fibromyxoid 
sarcoma

t(7;16)(q33;p11)
t(11;16)(p11;p11)

FUS-CRE3L2
FUS-CREB3L1
EWSR1-CREB3L1

>95%
<5%

Malignant 
tenosynovial giant 
cell tumor

t(1;2)(p13;q37)
Subset without 
t(1;2)

CSF1-COL6A3 Most CSF1 
overexpression

Mesenchymal 
chondrosarcoma

del(8)
(q13.3q21.1)

HEY1-NCOA2 >90%

Myoepithelial 
tumor, soft tissue 
[17, 18]

t(6;22)(p21;q12)
t(19;22)(q13;q12)
t(1;22)(q23;q12)
t with 16p11

EWSR1-POU5F1
EWSR1-ZNF444
EWSR1-PBX1
EWSR1-PBX3
EWSR1-KLF17
EWSR1-ATF1
FUS

EWSR1-POU5F1 
and EWSR1-PBX1 
are the most 
common fusions

Myxoid 
liposarcoma

t(12;16)(q13;p11)
t(12;22)(q13;q12)

FUS-DDIT3
EWSR1-DDIT3

>90%
<10%

Myxoinflammatory 
fibroblastic 
sarcoma/
hemosiderotic 
fibrolipomatous 
tumor/pleomorphic 
hyalinizing 
angiectatic tumor 
[19, 20]

Der(10)t(1;10)
(p22;q24)

TGFBR3-MGEA5

BRAF 
rearrangements

Only in 
myxoinflammatory 
fibroblastic tumor

Table 11.1 (continued)

(continued)
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Soft tissue tumor
Chromosomal 
abnormality Gene fusion

Approximate 
prevalence Comment(s)

Ossifying 
fibromyxoid tumor 
[21–23]

t with 6p21 MEAF6-PHF1

EPC1-PHF1

EP400-PHF1

PHF1-TFE3

t(X;22)
(p11.4;q13.2)

ZC3H7B-BCOR

CREBBP-BCORL1

KDM2A-WWTR1

Perivascular 
epithelioid cell 
tumor (PEComa) 
[24, 25]

TSC2 mutation
PSF-TFE3
DVL2-TFE3
NONO-TFE3
RAD51B-RRAGB/
OPHN1
HTR4-ST3GALI
RASSF1-PDZRN3
SLC4A10-ROS1
ROS1-NETO1
RBMX-TFE3

TFE3 rearranged-
PEComas lack 
TSC2 mutations 
indicating 
alternative 
pathways

PRDM10-
rearranged Soft 
tissue tumor

CITED2-PRDM10
MED12-PRMD10

Provisional data. 
Pleomorphic 
morphology and 
low mitotic count. 
Overlap with 
superficial CD34+ 
fibroblastic tumor

Pseudomyogenic 
hemangioendo-
thelioma [26, 27]

t(7;19)(q22;q13) SERPINE1-FOSB
ACTB-FOSB

50%
50%

Primary pulmonary 
myxoid sarcoma

t(2;22)(q34;q12) EWSR1-CREB1

Sclerosing 
epithelioid 
fibrosarcoma [28]

EWSR1-CREB2L2

EWSR1-CREB2L1

EWSR1- CREB3L3

FUS-CREB3L2 Minority of 
cases

Solitary fibrous 
tumor [29]

inv(12)(q13q13) NAB2-STAT6 >95%

Spindle/sclerosing 
cell rhabdomyo-
sarcoma [30–33]

t with 8q13 VGLL2-CITED2
NCOA2 fusion 
with SRF(6p21), 
TEAD1(11p15), 
VGLL2

Most 
common

Tumors with fusion 
present at birth or 
within 1 year and 
have favorable 
outcome

MyoD1 (L122R) 
mutation

Tumors with 
MyoD1 mutations 
have aggressive 
clinical course in 
children or adults

Table 11.1 (continued)

K. Linos



165

Soft tissue tumor
Chromosomal 
abnormality Gene fusion

Approximate 
prevalence Comment(s)

Synovial sarcoma 
[34]

t(X;18)
(p11.2;q11.2)

SS18-SSX1 65%

SS18-SSX2 35%
SS18-SSX4 <1%

t(X;20)
(p11.2;q13.3)

SS18L1-SSX1 Rare

Undifferentiated 
small round cell 
sarcomas [35–41]

t(4;19)(q35;q13)
t(10;19)
(q26.3;q13)
inv(X)
(p11.4p11.22)

CIC-DUX4
CIC-DUX4L
CIC-FOXO4
CIC-NUTM1
NUTM2A-CIC
BCOR-CCNB3
BCOR-MAML3
BCOR internal 
tandem 
duplications
CRTC1-SS18

Undifferentiated 
spindle cell 
sarcoma [42]

MEIS-NCOA2 2 cases 
reported

Provisional entity 
reported in the 
kidney

Undifferentiated 
soft tissue and/or 
visceral tumors 
[40, 43–45]

BRD3-NUTM1
BRD4-NUTM1
BCORL1-NUTM1
MXD1-NUTM1
MXD4-NUTM1
MGA-NUTM1

The relationship of 
NUT-associated 
tumors in soft 
tissue and/or 
viscera and 
conventional NUT 
carcinoma remains 
to be elucidated.

Uterine sarcoma 
with features of 
fibrosarcoma [46]

TPM3-NTRK1
LMNA-NTRK1
RBPMS-NTRK3
TPR-NTRK1

Provisional 
findings, 4 cases 
reported

Uterine sarcoma 
with variable 
sex-cord 
differentiation

GREB1 
rearrangements 
(NCOA1, NCOA2, 
CTNNB1, NR4A3, 
SS18)

Uterine tumor 
resembling 
Ovarian sex cord 
tumor (UTROSCT)

ESR1-NCOA2
ESR1-NCOA3
GREB1-NCOA2

Table 11.1 (continued)

11 Sarcomas



166

 Benign Mesenchymal Neoplasms with Recurrent Translocations 
(Table 11.2)

 Adipocytic Neoplasms (Tables 11.3 and 11.4)

• MDM2 gene maps to chromosome band 12q13 and encodes a p53-binding pro-
tein which may result in functional inactivation of p53.

• Molecular deregulation of MDM2 is not specific for well-differentiated/dedif-
ferentiated liposarcoma.

• It has also been reported in leiomyosarcoma, rhabdomyosarcoma, and Ewing 
sarcoma [58–61].

Table 11.2 Recurrent translocations and clinically relevant genetic abnormalities in selected 
benign mesenchymal neoplasms

Tumor type Translocation Gene fusion

Acral fibroblastic 
spindle cell neoplasm 
[47, 48]

t(15;22)
(q22.33;12.2)

EWSR1-SMAD3

“Aggressive,” deep 
angiomyxoma

12q15 
rearrangements

HMGA2

Aneurysmal bone 
cyst, primary

USP6 with various 
partners (CDH11[most 
common], SEC31A, 
EIF1, FOSL2, RUNX2, 
PAFAH1B1, CTNNB1, 
STAT3, ZNF9, TRAP150, 
SPARC THRAP3, CNBP, 
OMD, COL1A1,USP9X)

Can also arise 
exclusively in soft 
tissue locations. 
COL1A1 is a 
common partner of 
USP6 in these cases.
Giant cell reparative 
granulomas of the 
hands and feet 
harbor USP6 gene 
rearrangements and 
should be classified 
as aneurysmal bone 
cysts

Angiofibroma of soft 
tissue [49]

t(5;8)(p15;q13)
t(7;8;14)
(q11;q13;q31)

AHRR-NCOA2
GTF2I-NCOA2
GAB1-ABL1
TBCK-P4HA2
P4HA2-TBCK
NCOA2-ETV4
ETV4-AHRR

AHRR-NCOA2 is 
the most frequent 
recurrent fusion

NA

Calcifying 
aponeurotic fibroma

ins(2;4)(q35;q25) FN1-EGF

Chondroblastoma H3F3B (K36M) 
mutations

Chondromyxoid 
fibroma

COL12A1-GRM1
TBL1XR1-GRM1
BCLAF1-GRM1

Several 5′ partner 
genes which 
represent strong 
promoters
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Table 11.2 (continued)

(continued)

Tumor type Translocation Gene fusion

Cranial fasciitis USP6 rearrangements
Cutaneous non-neural 
granular cell tumor

SQSTM1-ALK
DCTM1-ALK

Potential for 
regional lymph node 
spread. ALK 
rearrangements in a 
subset of cases

Desmoid tumor NA NA CTNNB1 (sporadic) 
or APC (somatic) 
mutations

Desmoplastic 
fibroblastoma

t(2;11)(q31;q12) Unknown NA

Ectomesenchymal 
chondromyxoid tumor 
[50]

RREB1-MKL2
EWSR1 rearrangements

Epithelioid fibrous 
histiocytoma [51]

ALK fusion with various 
partners

Fibroma of tendon 
sheath

t(2;11)
(q31-32;q12)

Unknown

Fibro-osseous 
pseudotumor of the 
digits [52]

USP6 rearrangements

Fibrous dysplasia NA NA GNAS mutations
Fibrous hamartoma of 
infancy

EGFR internal tandem 
duplications

Hibernoma 11q13-21 
rearrangements

Unknown

Gastroblastoma MALAT1-GLI1

Giant cell tumor of 
bone

H3F3A mutations
Majority of cases 
with H3F3A 
G34W/V mutations
Minority of cases 
with H3F3A G34L 
and G34R mutations

Lipoblastoma t with 8q11-13, 8 
gain

PLAG1 fusions with 
various partners(HAS2, 
COL1A2, RAD51L1, 
COL3A1, RAB2A)

80%

Lipofibromatosis HBEGF-RBM27
EGR1-GRIA1
TPR-ROS
SPARC-PDGFRB
VCL-RET
EGFR-BRAF

FN1-TGFA and 
FN1-EGF most 
likely early 
calcifying 
aponeurotic fibroma

Lipofibromatosis-like 
neural tumor [53]

NTRK1-related gene 
fusions

Common gene 
partners include 
LMNA, TPR, and 
TPM3
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Table 11.2 (continued)

Tumor type Translocation Gene fusion

Lipoma, ordinary t with 12q14.3
t with 6p21

HMGA2 fusions
HMGA1 fusions

30%
10%

Lipoma, chondroid t(11;16)
(q13;p13)

C11orf95-MKL2 NA

Spindle cell lipoma/
pleomorphic lipoma, 
mammary-type 
myofibroblastoma, 
cellular angiofibroma

16q13-qter 
rearrangement/
loss, monosomy 
13 or partial del 
[13]q

Myofibroma, cellular 
[54]

SRF-RELA A subset

Myopericytoma/
myofibroma [55]

PDGFRB mutations

Myositis ossificans USP6 rearrangements Genetically related 
to nodular fasciitis, 
aneurysmal bone 
cyst, and fibro-
osseous 
pseudotumor of the 
digits

Myxoma NA NA Activating Gs-a 
mutations in GNAS 
gene

Nodular fasciitis t(17;22)
(p13;q13.1)

MYH9-USP6 (most 
common)
USP6 with various 
partners including 
RRBP1, CALU, 
CTNNB1, MIR22HG, 
SPARC, THBS2, 
COL6A2

90%

Pericytoma t(7;12)
(7p22;q13)

ACTB-GLI1

Phosphaturic 
mesenchymal tumor

t(2;8)(q35;p11) FN1-FGFR1

Plexiform 
fibromyxoma

MALAT1-GLI1

Osteoblastoma/
osteoid osteoma [56]

FOS and FOSB 
rearrangements

Schwannoma 22q12 loss NF2 loss
Synovial 
chondromatosis

FN1-ACVR2A and 
ACVR2A-FN1

These alterations are 
present in the benign 
and malignant forms

Tenosynovial giant 
cell tumor

t(1;2)(p13;q37)
other t with 1p13

CSF1-COL6A3
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 Vascular Tumors (Table 11.5)

• Alterations in the Gaq family (GNAQ, GNA11, GNA14) appears to be a common 
pathway in the pathogenesis of benign small vessel lesions [68]

 – Hot spot mutations in the above genes has been shown to disrupt GTPase 
activity of the mitogen-activated protein (MAP) kinase pathway.

• FOS (14q24.3) and FOSB (19q13) genes belong to the Fos gene family which 
also includes FOSL1 and FOSL2.

 – They encode a transcription factor that dimerizes with members of the Jun 
family (c-Jun, JunB, and JunD), constituting the major components of the 
activating protein-1 (AP-1) complex.

Table 11.3 MDM2 
amplification in liposarcomas 
and other soft tissue and bone 
sarcomas

Tumor type Comment

ALT/WDLa

Dedifferentiated liposarcoma
Low-grade central osteosarcoma
Conventional osteosarcoma ~10% of cases
Intimal sarcoma [57]
Parosteal osteosarcoma >85% of cases
Undifferentiated high-grade 
pleomorphic sarcoma of bone

~20% of cases

Rhabdomyosarcomas Rare
aALT/WDL: Atypical lipomatous tumor/well- 
differentiated liposarcoma

Table 11.4 Chromosomal aberrations in benign and malignant adipocytic neoplasms

Tumor type Common cytogenetic aberrations

Ordinary lipoma Translocations involving 12q13-15
Rearrangements of 13q
Rearrangements involving 6p21-33

Spindle cell/pleomorphic 
lipoma

Monosomy 13 or partial loss of 13q in association with losses 
of 16q

Lipoblastoma/
lipoblastomatosis

Rearrangement involving 8q11-13 (PLAG)

Hibernoma Rearrangements involving 11q13
Chondroid lipoma t(11;16)(q13;p13) C11orf95-MKL2

Angiolipoma Normal karyotype
ALT/WDL Ring chromosomes and long marker chromosomes from 12q13-15
Dedifferentiated liposarcoma Ring chromosomes and long marker chromosomes from 

12q13-15; additional complex aberrations
Myxoid liposarcoma t(12;16)(q13;p11) FUS-DDIT3

t(12;22)(q13;q12) EWSR1-DDIT3

Pleomorphic liposarcoma Complex rearrangements
Spindle cell liposarcoma [62] A recent case with TRIO-TERT fusion of unclear significance
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 Tumors with Recurrent Gene Fusions (Including EWSR1) 
and Other Alterations (Tables 11.6, 11.7, 11.8, 11.9, 11.10, 11.11, 
and 11.12)

• The Ewing sarcoma breakpoint region 1 gene (EWSR1) is located on chromo-
some 22q12.

• It encodes a ubiquitously expressed RNA-binding protein.
• It is a member of the TET gene family which includes other related genes such 

as FUS and TAF15.
• It is a “promiscuous” gene with rearrangements (involving a number of different 

partners) detected in a variety of mesenchymal, epithelial, and hematolymphoid 
neoplasms.

• An emerging group of neoplasms are associated with EWSR1-CREB1 and/or 
EWSR1-ATF1 fusions; see Table below.

Table 11.5 Chromosomal aberrations and relevant genetic abnormalities in vascular tumors

Tumor type

Chromosomal 
aberrations/relevant 
genetic abnormalities Comment

Anastomosing hemangioma [63, 
64]

GNAQ, GNA11 and 
GNA14 mutations

Capillary malformation (nevus 
flammeus)

GNAQ mutations

Cherry hemangioma GNAQ, GNA11, 
GNA14, KRAS and 
HRAS mutations

Congenital hemangioma (rapidly 
involuting/RICH or non-involuting/
NICH)

GNAQ and GNA11 
mutations

Epithelioid hemangioma [65, 66] FOSB-ZFP36
FOSB-WWTR1 (rare)
FOSB-ACTB (rare)

Often associated with 
worrisome histologic features 
(cellularity, pleomorphism, 
necrosis)

FOS with a variety of 
partners including 
LMNA and VIM

Epithelioid Hemangioendothelioma WWTR1-CAMTA1
TFE3-YAP1

85% of cases
Unknown but rare

Hepatic small vessel neoplasm [67] GNAQ and GNA14

Kaposiform Hemangioendothelioma GNA14 mutations

Lobular capillary hemangioma 
(pyogenic granuloma)

GNA11 GNA14, BRAF, 
NRAS and KRAS 
mutations

BRAF c.1799T>A (Val600Glu) 
appears to paly a pivotal role in 
the pathogenesis of sporadic and 
particularly secondary lobular 
capillary hemangiomas.

Pseudomyogenic 
Hemangioendothelioma

SERPINE1-FOSB
ACTB-FOSB

~50% of cases
~50% of cases

Tufted angioma GNA14 mutations
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Table 11.6 Tumors with EWSR1 rearrangements

Tumor type
Chromosomal 
aberrations Comment

Acute leukemia EWSR1-ZNF384 Acute lymphoblastic leukemia, 
biphenotypic leukemia

Acral fibroblastic spindle cell 
neoplasm

EWSR1-SMAD3

Angiomatoid fibrous 
histiocytoma

EWSR1-CREB1
EWSR1-ATF1
EWSR1-CREM

EWSR1-ATF1 especially in unusual sites

Angiosarcoma EWSR1-ATF1 One case reported in the parotid gland
Clear cell sarcoma of soft 
parts

EWSR1-ATF1
EWSR1-CREB1
EWSR1-CREM

EWSR1-ATF1 most common

Clear cell sarcoma-like of 
the gastrointestinal tract

EWSR1-CREB1
EWSR1-ATF1

EWSR1-CREB1 most common

Clear cell odontogenic 
Carcinoma

EWSR1-ATF1

Desmoplastic small round 
cell tumor

EWSR1-WT1

Ectomesenchymal 
Chondromyxoid tumor

EWSR1 
rearrangements

RREB1-MKL2 fusions most common

Ewing sarcoma/PNET EWSR1-FLI1 EWSR1-FLI1 approximately 90% of cases
EWSR1-ERG
EWSR1-ETV1
EWSR1-ETV4
EWSR1-FEV

Ewing-like sarcomas EWSR1-PATZ1
EWSR1-SP3
EWSR1-NFATC2
EWSR1-SMARCA5

Extraskeletal myxoid 
Chondrosarcoma

EWSR1-NR4A3 EWSR1-NR4A3 ~ 75% of cases

Hyalinizing clear cell 
carcinoma of salivary gland

EWSR1-ATF1
EWSR1-CREM

Hidradenoma of the skin EWSR1-POU5F1

Malignant mesothelioma 
[69]

EWSR1-ATF1
EWSR1-YY1

Predilection in young adults

Myoepithelial tumor, soft 
tissue

EWSR1-POU5F1
EWSR1-ZNF444
EWSR1-PBX1
EWSR1-PBX3
EWSR1-KLF17
EWSR1-ATF1

EWSR1-POU5F1 and EWSR1-PBX1 are 
the most common fusions

Myxoid liposarcoma EWSR1-DDIT3 ~10%, FUS rearrangements most 
common

Low-grade fibromyxoid 
sarcoma

EWSR1-CREB3L1 Rare, FUS rearrangements most common

(continued)
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 – Recently another distinct group of myxoid mesenchymal neoplasm occurring 
in children or young adults with a predilection for intracranial locations was 
reported [74].

 – It harbors fusions involving EWSR1 with one of the CREB family member 
(ATF1, CREB, or CREM)

 – It is debatable if it represents a myxoid variant of angiomatoid fibrous histio-
cytoma or a distinct entity.

• NCOA2 (nuclear receptor co-activator 2) gene is located on chromosome 8q13.

 – Encodes for a nuclear hormone receptor transcriptional co-activator.
 – Interacts with ligand-bound receptors to recruit histone acetyltransferases and 

methyltransferases to facilitate chromatin remodeling and transcription.
 – Has been implicated as 3′ partner in gene fusions in leukemias and mesenchy-

mal neoplasms.

 ◦ C-terminal transcriptional activation domains 1 and 2 are retained in the 
fusion proteins.

Table 11.6 (continued)

Tumor type
Chromosomal 
aberrations Comment

Primary pulmonary myxoid 
sarcoma [70]

EWSR1-CREB1

Rhabdomyosarcoma (RMS) 
[71]

EWSR1-DUX4 Found in a case of embryonal 
rhabdomyosarcoma

EWSR1/FUS-TFCP2 Provisional data, intraosseous location; 
hybrid spindle and epithelioid phenotype. 
Express ALK by immunohistochemistry

Sclerosing epithelioid 
Fibrosarcoma

EWSR1-CREB2L2
EWSR1-CREB2L1
EWSR1- CREB3L3

Benign vascular tumor EWSR1-NFATC1 One case of benign vascular tumor in 
bone

Table 11.7 Tumors with EWSR1-CREB1 and EWSR1-ATF1 fusions

Tumor type Genetic fusion

Angiomatoid fibrous histiocytoma (AFH) EWSR1-CREB1>>EWSR1-ATF1, 
FUS-ATF1

Clear cell sarcoma (CCS) of soft parts EWSR1-ATF1>>EWSR1-CREB1, 
EWSR1-CREM

Primary pulmonary myxoid sarcoma (PPMS) EWSR1-CREB1

Clear cell sarcoma-like tumor of the 
gastrointestinal tract

EWSR1-CREB1>>EWSR1-ATF1

Myoepithelial tumor of soft tissue EWSR1-ATF1

Hyalinizing clear cell carcinoma EWSR1-ATF1

Malignant mesothelioma∗ EWSR-ATF1, FUS-ATF1

Clear cell odontogenic carcinoma (CCOC) [72] EWSR1-ATF1
∗Predilection in young adults

K. Linos



173

• GLI1 functions as an effector of the sonic hedgehog (SHH) pathway, inducing 
upregulation or downregulation of multiple downstream targets.

• NTRK 1, 2, and 3 genes encode the TRKA, TRKB, and TRKC neurotrophic 
tyrosine kinase receptors, respectively.

• Chromosomal translocations result in ligand-independent activation of the con-
stitutively expressed kinase.

• Clinical trials have reported high response rates to TRK inhibition in patients 
with TRK fusion irrespectively of morphology.

Table 11.9 Tumors with GLI1 fusions

Tumor type Genetic fusion Comment

Gastroblastoma MALAT1- GLI1

Gastric plexiform 
fibromyxoma [74]

MALAT1- GLI1

Pericytoma ACTB- GLI1

“Malignant 
epithelioid 
neoplasm” [75]

ACTB- GLI1
MALAT- GLI1
PTCH1- GLI1

Provisional data, reported in soft tissue and 
occasionally bone neoplasms. Often epithelioid 
phenotype and strong S100-protein positivity by 
immunohistochemistry

Table 11.8 Tumors with NCOA2 fusions

Tumor type Genetic fusion Comment

Acute myeloid leukemia MYST3-NCOA2, 
ETV6-NCOA2

Occasional cases

Biphenotypic sinonasal 
sarcoma [6]

PAX3-NCOA2 Rare fusion

Mesenchymal 
chondrosarcoma

HEY1-NCOA2

Congenital/infantile spindle 
cell rhabdomyosarcoma

NCOA2 with various 
partners (VGLL2, SRF, 
TEAD1)

Favorable prognosis compared to 
older childhood and adult 
sclerosing cell rhabdomyosarcoma 
associated with MYOD1 mutations

Alveolar rhabdomyosarcoma PAX3-NCOA2 Rare cases
Soft tissue angiofibroma AHRR-NCOA2 >>GTF21-

NCOA2, NCOA2-ETV4

Primitive spindle cell 
sarcoma of the kidney [42]

MEIS-NCOA2 Provisional entity, 2 cases reported

Intraosseous 
rhabdomyosarcoma [71]

MEIS-NCOA2 Provisional data, more primitive 
and fascicular spindle cell 
appearance

Uterine tumor resembling 
Ovarian sex cord tumor 
(UTROSCT) [73]

ESR1-NCOA2
ESR1-NCOA3
GREB1-NCOA2

Uterine sarcoma with 
variable sex-cord 
differentiation

GREB1-NCOA1
GREB1-NCOA2

Also with partners CTNNB1, 
NR4A3 and SS18
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Table 11.10 Selected tumors with TRK (NTRK1, 2, 3) fusions [76]

Tumor type Genetic fusion Comment

Infantile fibrosarcoma ETV6-NTRK3
EML4-NTRK3

ETV6-NTRK3 most common
TPM3-NTRK1, LMNA-NTRK1, and 
SQSTM1-NTRK1 have been reported in 
pediatric sarcomas resembling infantile 
fibrosarcoma

Inflammatory 
myofibroblastic tumor 
(IMT)

NTRK3 with 
various partners

Lipofibromatosis-like neural 
tumor (LPF-NT)

NTRK1 fusions 
with LMNA, TPR 
and TPM3

Cellular congenital 
mesoblastic nephroma

ETV6-NTKR3
EML4-NTRK3
LMNA-NTRK1

BRAF intragenic deletions have also been 
described

Secretory breast cancer ETV6-NTRK3 High frequency of NTRK3

Mammary analog secretory 
carcinoma of the salivary 
gland

ETV6-NTRK3 High frequency of NTRK3

Spitzoid melanocytic 
neoplasms

MYO5A-NTRK3
ETV6-NTRK3
NTRK1 fusions

Across the whole spectrum of Spitz nevi, 
atypical Spitz tumor and Spitzoid melanoma

Metastatic papillary thyroid 
cancer

ETV6-NTRK3
TPR-NTRK1
SQSTM1-NTRK3

In approximately 25% of children

High-grade gliomas Especially in tumors of children <3 years 
old, poor prognosis

Table 11.11 SMARCB1 (INI1)-deficient mesenchymal neoplasms

Tumor type % of cases with SMARCB1 loss

Malignant rhabdoid tumor 100%
Epithelioid sarcoma, classical (distal) type 90%
Epithelioid sarcoma, proximal type 100%
Epithelioid malignant peripheral nerve sheath tumor 
(MPNST)

50–60%

Synovial sarcoma 6–100%
Myoepithelial carcinoma 10–40%
Extraskeletal myxoid chondrosarcoma 16%
Poorly differentiated chordoma 100%
Osteosarcomas 0.7%
Ossifying fibromyxoid tumor 74% (mosaic pattern, hemizygous 

deletions)
Gastrointestinal stromal tumor (GIST) Up to 70%, mosaic pattern
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• The SWI/SNF chromatin-remodeling complex is composed of a set of highly 
conserved units to include: SMARCA4/BRG1, SMARCB1/INI1, SMARCC1/
BAF155, and SMARCC2/BAF170.

• The complex utilizes the energy of ATP hydrolysis to remodel nucleosomes and 
modulate transcription.

• It has a widespread role in tumor suppression as inactivating mutations in several 
subunits is seen in high frequencies in various cancers.

• Identical gene fusions can be found in clinically, morphologically, and immuno-
histochemically entirely different tumors [77, 78].

• Other factors beyond the fusion type such as specific gene breakpoints, the cell 
type, tissue type/microenvironment, epigenetic changes, and others play signifi-
cant role in the development of specific tumors.

Table 11.12 Other selected tumors with identical fusion genes

Fusion gene Tumor type

FUS-ERG Ewing sarcoma
t(16;21) acute myeloid/lymphoblastic leukemia

TMP3/4-ALK Inflammatory myofibroblastic tumor
Anaplastic large cell lymphoma
Renal cell carcinoma

CLTC-ALK Inflammatory myofibroblastic tumor
Diffuse large cell lymphoma
Extramedullary plasmacytoma

RANBP2-ALK Inflammatory myofibroblastic tumor
Diffuse large cell lymphoma
Myeloid leukemia

ETV6-NTRK3 Infantile fibrosarcoma
Inflammatory myofibroblastic tumor
Congenital mesoblastic nephroma, cellular type
Acute myeloid/lymphoblastic leukemia
Secretory carcinoma (breast)
Mammary analogue secretory carcinoma
Pigmented spindle cell nevus of Reed/Spitz nevus
Radiation-induced papillary thyroid carcinoma
Gastrointestinal stromal tumor (GIST)

MEAF6-PHF1
EPC1-PHF1
EP400-PHF1
ZC3H7B- BCOR
PHF1-TFE3

Endometrial stromal sarcoma
Ossifying fibromyxoid tumor

ASPACR1- TFE3 Alveolar part sarcoma
Renal cell carcinoma

MALAT1- GLI1 Gastroblastoma
Plexiform fibromyxoma
Malignant epithelioid neoplasm with GLI1 fusions and S100-protein 
expression (other GLI1 partners ACTB and PTCH1)

TGFBR3- MGEA5 Myxoinflammatory fibroblastic sarcoma
Hemosiderotic lipomatous tumor
Pleomorphic hyalinizing angiectatic tumor
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Chapter 12
Salivary Gland Carcinomas

Snjezana Dogan

 Introduction

The majority of low- and intermediate-grade salivary gland carcinomas (SGC) are 
driven by recurrent genetic alterations, most commonly gene fusions. Among those 
that are present in the majority of cases and are the hallmark of disease are 
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Key Points
• Detection of genetic alterations in salivary gland carcinomas is used to 

support the diagnosis and can help select patients for targeted therapy.
• MAML2 rearrangements in mucoepidermoid carcinoma, ETV6 in secre-

tory carcinoma, and MYB in adenoid cystic carcinoma are most commonly 
used for diagnosis.

• Salivary gland carcinomas harboring ETV6-NTRK3, ERBB2 amplification/
mutations, or EML4-ALK fusion are most likely to be considered for tar-
geted therapy.
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MECT1- MAML2 and CRTC3-MAML2 fusions in mucoepidermoid carcinoma and 
MYB and MYBL1 rearrangements in adenoid cystic carcinoma. Similarly, TGFBR3-
PLAG1 rearrangement is specific for myoepithelial carcinoma but is present only in 
the minority of cases. Molecular markers that are of diagnostic value and present in 
the vast majority of cases include PRKD1 E710D mutation and PRKD1/3 rearrang-
ments in polymorphous adenocarcinoma/cribriform adenocarcinoma of salivary 
gland, EWSR1-ATF1 in clear cell carcinoma, and ETV6-NTRK3 in secretory carci-
noma, which also provides a molecular target for Trk-inhibitors. In contrast, sali-
vary duct carcinoma, a prototype of a high-grade salivary gland cancer, is 
characterized by a heterogeneous molecular background but a relatively high pro-
portion of potentially targetable mutations. These include frequent ERBB2, PIK3CA, 
and HRAS alterations and less commonly gene fusions such as EML4-ALK, NCOA4-
RET, and ETV6-NTRK3.

 Mucoepidermoid Carcinoma

 Phenotype

Mucoepidermoid carcinoma (MEC) is the most common epithelial malignancy of 
salivary glands. It is comprised of epidermoid, mucin-producing, and intermediate 
cells arranged in cystic and solid growth patterns at variable proportions. MEC is 
histologically graded as low-, intermediate-, or high-grade [1]. Immunohistochemistry 
(IHC) for p63 and p40 is typically positive in epidermoid and intermediate cells, 
while mucicarmine special stain highlights mucin-producing cells. MEC is negative 
for S-100 protein.

 Genetics and Clinical Utility

MECT1-MAML2 fusion is the most common recurrent genetic alteration in MEC 
[2] being detected in 70–80% of low-grade, 65–70% of intermediate-grade, and 
about 50% of high-grade tumors [3]. CRTC3-MAML2 fusion occurs in about 5% of 
cases and is found in relatively younger patients [4, 5]. The two MAML2 fusions are 
mutually exclusive and are both characteristic of MEC. Despite the controversies in 
published reports, MECT1-MAML2 is unlikely to be a feature of Warthin tumor [6, 
7]. Detection of MECT1-MAML2 or CRTC3-MAML2 can be helpful in diagnosti-
cally challenging cases. These include “very” low-grade tumors with cystic appear-
ance, sometimes being interpreted as “benign salivary cysts,” high-grade tumors 
with predominantly solid growth and inconspicuous mucin-producing cells, and/or 
tumors displaying high-grade cytological features with the differential diagnosis of 
adenosquamous carcinoma or acantholytic squamous carcinoma. MAML2 fusions 
do not portend any prognostic significance [8] (Table 12.1).
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 Adenoid Cystic Carcinoma

 Phenotype

Adenoid cystic carcinoma (AdCC) is a biphasic salivary gland tumor typically 
forming cribriform, tubular, and/or solid growth patterns. Myoepithelial markers 
such as p63 and S-100 protein are positive in the peripheral tumor cell layer. MYB 
IHC is of limited value due to relatively low specificity and sensitivity [9].

 Genetics and Clinical Utility

The majority of AdCC are characterized by a tumor-specific fusion MYB-NFIB, which 
leads to activation of MYB [10]. Less frequently, MYB can be activated by duplication 
or by juxtaposition to enhancer elements of other genes such as NFIB, RASD51B, and 
TGFBR3 [11]. In the minority of cases MYBL1, a gene closely related to MYB is fused 
to NFIB and results in MYBL1-NFIB fusion, which has similar biological consequences 
to MYB-NFIB [12, 13]. MYB and MYBL1 gene fusions can be used as reliable diagnos-
tic makers in diagnostically difficult cases such as AdCC with (predominantly) solid 
growth pattern and/or high-grade features or in a limited biopsy material. The genetic 
alterations with therapeutic implications include NOTCH1 mutations detected in up to 
10% of primary and 33% of recurrent/metastatic tumors, and less commonly FGFR1 
and PIK3CA alterations [14, 15]. NOTCH1 variants in AdCC were also associated with 
poor prognosis [16]. Cases harboring 4q12 gain/amplification tend to respond better to 
targeted therapy with tyrosine kinase inhibitor axitinib [17] (Table 12.1).

 Secretory Carcinoma of Salivary Gland

 Phenotype

Secretory carcinoma (SC, also known as mammary analogue secretory carcinoma 
“MASC”) is a salivary gland carcinoma morphologically and genetically resem-
bling SC of breast and is characterized by papillary cystic growth pattern, multi-
vacuolated tumor cells, typically lacking true zymogen granules. SC is usually 
positive for S-100 protein and mammaglobin IHC.

 Genetics and Clinical Utility

Similar to its breast counterpart, the vast majority of SCs harbor ETV6-NTRK3 
fusion [18], and rare cases are positive for ETV6-RET [19] or ETV6-MET 
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rearrangements [20]. ETV6 encodes an ETS family transcription factor, and 
NTRK3 is a member of the neurotrophic tyrosine receptor kinase (NTRK) fam-
ily and encodes tropomyosin receptor kinase protein TrkC. ETV6-NTRK3 
fusion gene is detected in multiple different tumors [21]. In SC of salivary 
glands, ETV6-NTRK3 portends important diagnostic and therapeutic implica-
tions. These tumors were reported to respond to Trk-inhibitor entrectinib, and 
to larotrectinib in the presence of secondary resistance variant G623R [22, 23]. 
In salivary glands, the ETV6-NTRK3 fusion is not entirely specific for SC and 
was also reported in rare cases of salivary duct carcinoma [24]. However, in the 
context of appropriate morphology and immunophenotype, ETV6-NTRK3 
would be diagnostic of SC. Detection of ETV6 rearrangement alone by FISH 
may be sufficient to support the diagnosis of SC but confirmation of NTRK3 as 
the fusion partner would be necessary for treatment purposes with Trk- 
inhibitors. IHC by pan-Trk monoclonal antibody EPR17341 is of limited value 
as not all ETV6-NTRK3 rearranged cases will be IHC positive [25]. In the head 
and neck region aside from salivary glands, SC can also arise in the thyroid 
gland [26, 27] (Table 12.1).

 Clear Cell Carcinoma

 Phenotype

Clear cell carcinoma (CCC, also known as hyalinizing clear cell carcinoma, 
“HCCC”) is a low-grade malignancy arising mostly in minor salivary glands 
and is characterized by sheets and cords of clear tumor cells and intersecting 
dense hyalinized stroma. IHC for p63 and p40 are usually positive, while other 
(myoepithelial) markers such as S-100 protein, calponin, and SMA are typi-
cally negative.

 Genetics and Clinical Utility

More than 90% of CCC harbor EWSR1-ATF1 rearrangement [28]. This fusion 
can also be found in a variety of mesenchymal tumors [29]. In primary salivary 
gland tumors, the EWSR1-ATF1 fusion can be used to confirm the diagnosis of 
CCC. However, a minor proportion of myoepithelial carcinomas (MECA) can 
also have EWSR1-ATF1 fusion [30]. In such cases, confirmation of the myoepi-
thelial phenotype by S-100, calponin, and/or SMA IHC is required for the 
diagnosis of EWSR1-ATF1-positive MECA. Aside from salivary gland tumors, 
clear cell odontogenic carcinoma is another tumor type arising in head and 
neck harboring EWSR1-ATF1 translocation in more than 60% of cases [31] 
(Table 12.1).
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 Myoepithelial Carcinoma

 Phenotype

Myoepithelial carcinoma (MECA) is an infiltrative salivary gland tumor comprised 
entirely of myoepithelial cells and is the second most common type of carcinoma 
arising in pre-existing pleomorphic adenoma (PA). MECA typically stains for 
CK5/6 and is variably positive for at least one myoepithelial marker including S-100 
protein, SOX10, calponin, SMA, and vimentin.

 Genetics and Clinical Utility

PLAG1 or HMGA2 rearrangements typically seen in PA [32, 33] can be also detected 
in MECA ex-PA [34] with the exception of FGFR1-PLAG1, which in addition to PA 
is present in 18% of MECA arising de novo. In contrast, the TGFBR3-PLAG1 rear-
rangement was detected exclusively in 15% of MECA and may be diagnostic of this 
tumor type [30] (Table 12.1).

 Polymorphous Adenocarcinoma and Cribriform 
Adenocarcinoma of Minor Salivary Gland

 Phenotype

Polymorphous adenocarcinoma (PAC), formerly known as polymorphous low- grade 
adenocarcinoma (“PLGA”) typically arises in minor salivary glands of palate and is a 
monophasic tumor, comprised of one cell type with characteristic ovoid vesicular nuclei 
(papillary thyroid carcinoma-like). PAC shows a spectrum of tubular, fascicular, cribri-
form, papillary, or solid architecture and is commonly strongly positive for S-100 pro-
tein, variably positive for p63, and negative for p40 IHC. Cribriform adenocarcinoma of 
(minor) salivary gland (CAMSG) likely represents a variant of PAC that arises at the 
base of tongue. It shows a distinct papillary glomeruloid and cribriform architecture and 
has more pronounced cleared nuclei and a greater propensity for lymph node for metas-
tasis, thus a relatively more aggressive biology than a garden variety of PACs [1].

 Genetics and Clinical Utility

Classic PAC in ~75% of cases is found with PRKD1 E710D somatic mutations, 
and <10% of cases were found with PRKD1/3 rearrangements. In contrast, 
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PRKD1/3 rearrangements including ARID1A-PRKD1 and DDX3X-PRKD1 gene 
fusions are detected in ~75% of CAMSG, while single-nucleotide variants in 
PRKD1 are far less common [35–37]. PRKD1 E710 mutations define a subset of 
PAC and may be used to improve the diagnosis in this entity (Table 12.1).

 Salivary Duct Carcinoma

 Phenotype

Salivary duct carcinoma (SDC) is an aggressive, high-grade malignancy and the 
most common salivary gland carcinoma arising in pre-existing PA. Apocrine cytol-
ogy, comedo-type necrosis, and CK7 and androgen receptor (AR) immunopositivity 
are characteristic features of SDC.

 Genetics and Clinical Utility

More than 70% of SDCs harbor actionable somatic mutations including ERBB2 
amplification and PIK3CA and HRAS hotspot mutations, each being detected in 
~20–30% of cases. A variety of potentially druggable genetic alterations occur at 
~3–10% frequencies including ERRB2 S310F, BRAF V600E, AKT1 E17K, ETV6- 
NTRK3, NCOA4-RET, EML4-ALK, and FGFR1 amplification and PTEN deletion/
mutation [15, 24, 38–42]. Patients with ERBB2 amplification-positive SDC can 
respond to trastuzumab [43, 44], and tumors with mutations in PI3K pathway can 
respond to PI3K/Akt/mTOR pathway inhibition [38, 39]. Mutational profiling of 
SDC by massive parallel sequencing assays would be an appropriate molecular 
approach to ensure detection of various clinically pertinent somatic mutations as 
certain proportions of SDC patients may be eligible for “basket” clinical trials 
(Table 12.1).

 Intraductal Carcinoma

 Phenotype

Intraductal carcinoma (IC), formerly known as “low-grade cribriform cystadenocar-
cinoma” or “low-grade salivary duct carcinoma,” is a rare salivary gland tumor, 
characterized by intraductal or intracystic epithelial tumor cell growth [1]. Although 
typically noninvasive, foci of invasion are not uncommon in IC [45].
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 Genetics and Clinical Utility

About 35% of IC were recently reported to harbor NCOA4-RET fusion [45, 46], and 
a single study reported TRIM27-RET fusion in 12% of IC cases displaying apocrine 
features [46] (Table 12.1).
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Key Points
• NUTM1 rearrangement in NUT carcinoma and SMARCB1 deletion/muta-

tion in SMARCB1-deficient carcinoma are genetic hallmarks of these enti-
ties, and both may indicate eligibility for targeted therapy.

• Hotspot mutations in IDH2 R172 are detected in the vast majority of 
SNUC and sinonasal large cell neuroendocrine carcinoma (LCNEC), and 
in the minority of high-grade sinonasal carcinomas with glandular/acinar 
differentiation.

• IDH2 R172S/T (11C8B1) IHC can be used as an adjunct diagnostic marker 
of SNUC.

 Introduction

Sinonasal carcinomas (SNC) comprise a diverse morphologic and genetic spectrum 
of tumors. NUT carcinoma, SMARCB1-deficient SNC, and sinonasal undifferenti-
ated carcinoma (SNUC) are rare and biologically aggressive, and, although often 
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histologically remarkably similar, these three entities are genetically very distinct. 
An accurate molecular diagnosis portends a diagnostic value and can identify 
patients eligible for clinical trials with targeted therapies. Immunohistochemistry 
(IHC) for NUT and SMARCB1 (INI1) are useful surrogate diagnostic markers in all 
NUT and SMARCB1-deficient SNC, respectively. IDH2 R172S/T (11C8B1) IHC 
is a useful adjunct diagnostic marker in at least 70% SNUC.

 NUT Carcinoma

 Phenotype

NUT carcinoma (NC, also known as NUT midline carcinoma) is comprised of com-
pletely undifferentiated tumor cells with or without foci of mature squamous epithe-
lium. About 35% cases occur in the head and neck and 65% of these arise in the 
sinonasal tract [1–4]. Most cases are positive for CK5/6, p63, and p40, and all cases 
are positive for NUT IHC.

 Genetics and Clinical Utility

Molecular signature of NC is NUTM1 fusion gene, most frequently BRD4-NUTM1 
and less commonly BRD3-NUTM1, while NSD3-NUTM1 and other NUTM1 vari-
ants are rare. BRD4-NUT fusion protein decreases transcription and blocks the dif-
ferentiation of NC cells and thus maintains their proliferation and malignant growth 
through a potent chromatin-modifying mechanism [5, 6]. Detection of NUTM1 rear-
rangement is both diagnostic and therapeutic. NUT immunohistochemistry is highly 
specific for this entity, and either detection of NUTM1 rearrangement by FISH or 
molecular assay, or positive NUT IHC is sufficient for diagnosis and eligibility for 
targeted therapies. The latter includes bromodomain inhibitors and histone deacety-
lase inhibitors, which rendered promising results in NC patients [7] (Table 13.1).

 SMARCB1-Deficient Sinonasal Carcinoma

 Phenotype

SMARCB1-deficient SNC is most commonly comprised of undifferentiated tumor 
cells with or without rhabdoid features and in all cases there is a characteristic 
nuclear loss of SMARCB1 (INI1) protein [8, 9]. Although most SMARCB1-
deficient SNC show basaloid morphology closely resembling non-keratinizing 
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squamous cell carcinoma, they can be histologically diverse and rather represent a 
morphologic and immunophenotypic spectrum of carcinomas arising in this loca-
tion [10–12]. Pathologists should exercise caution and consider SMARCB1 (INI1) 
IHC in any unclassified high-grade SNC with or without rhabdoid cells.

 Genetics and Clinical Utility

Loss of nuclear SMARCB1 (INI1) protein is the hallmark of SMARCB1-deficient 
SNC and in ~80% cases is the result of homozygous or heterozygous SMARCB1 
deletion, while in minor proportion of cases, SMARCB1 can appear intact by FISH 
[10, 12]. Molecular profiling showed that in ~10%, a loss of INI1 protein could be 
due to pathogenic (truncating) SMARCB1 mutation associated with loss of hetero-
zygosity (LOH) [12]. Detection of SMARCB1 abnormalities in SMARCB1-deficient 
SNC have both diagnostic and therapeutic value as these tumors may be amenable 
to targeted therapy with EZH2 inhibitor (tazemetostat) [13] (Table 13.1).

 Sinonasal Undifferentiated Carcinoma and Large Cell 
Neuroendocrine Carcinoma

 Phenotype

Sinonasal undifferentiated carcinoma (SNUC) is composed of entirely undifferenti-
ated tumor cells and shows no evidence of squamous, glandular, or neuroendocrine 
differentiation. SNUC is typically positive for cytokeratin and negative for NUT 
IHC and has retained nuclear SMARCB1 (INI1) protein, and >70% are positive for 
IDH2 IHC (11C8B1) [14]. Large cell neuroendocrine carcinoma (LCNEC), is very 
rare and can be morphologically very similar to SNUC with the exception of the 
presence of substantial neuroendocrine differentiation [4]. LCNEC is also fre-
quently positive for IDH2 IHC (11C8B1) [14].

 Genetics and Clinical Utility

More than 80% of SNUC, >70% LCNEC, and a minor proportion of high-grade 
SNC with glandular/acinar differentiation harbor oncogenic IDH2 R172 hotspot 
mutations [11, 15]. R172S and R172T are the most common variants (70%) [11, 
15], and IDH2 (11C8B1) IHC can be used as a surrogate marker for IDH2 R172S 
and R172T variant detection [14]. Given the virtual absence of IDH2 R172, muta-
tions in non- epithelial, i.e., other “small round cell tumors” in the sinonasal tract, 
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11C8B1 IHC can be used as an adjunct diagnostic marker of SNUC in tumors lack-
ing any evidence of glandular/acinar or neuroendocrine differentiation [14]. In view 
of the rarity of IDH2 R172 hotspot alterations in human tumors in general, positive 
11C8B1 IHC in a metastasis/unknown primary high-grade/undifferentiated carci-
noma would favor sinonasal primary. Similar to hematopoietic malignancies with 
the same genetic background, IDH2-mutated SNC may eventually become amena-
ble to treatment with IDH2 inhibitors [16] (Table 13.1).

 Sinonasal Squamous Cell Carcinomas and Adenocarcinomas 
with Genetic Signatures

Among sinonasal squamous cell carcinomas (SCC), highly recurrent somatic muta-
tions include EGFR exon 20 insertions present in the vast majority of sinonasal 
SCC arising in inverted papilloma [17] and KRAS hotspot mutations in SCC arising 
in oncocytic papilloma [18]. Similar to their colonic counterpart, sinonasal 
intestinal- type adenocarcinomas (ITAC) can harbor KRAS variants [4, 19], while 
rare cases of sinonasal non-ITAC were reported to harbor ETV6-RET fusion [20] 
(Table 13.1). Sinonasal carcinomas of minor salivary gland origin will share the 
same genetic signature with their major salivary gland counterparts. (See Chap. 12).
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Key Points
• While acute myeloid leukemia is identifiable by morphologic assessment 

alone, characterization of the underlying genetic abnormalities is needed 
for definitive subclassification in most cases.

• Current standard of care includes evaluating for selected gene sequence 
abnormalities (e.g., FLT3, NPM1, CEBPA, KIT, and others), in addition to 
traditional chromosome analysis and FISH studies.

• Karyotype still represents the single most important prognostic factor in 
predicting remission rates, relapse risks, and overall survival outcomes in 
acute myeloid leukemia.

• 40–50% of patients with de novo acute myeloid leukemia have a normal 
karyotype, and molecular profiling is quickly helping to better stratify this 
cohort with heterogeneous outcomes.
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 Introduction

Acute myeloid leukemia (AML) represents a heterogeneous group of disease, but 
all subtypes are characterized by clonal proliferations of immature myeloid hema-
topoietic precursor cells. The first widely accepted subclassification system for 
AML, developed by the French-American-British (FAB) working group in 1972, 
was based solely on morphologic findings. This classification system was unfortu-
nately found to lack clinical utility as the proposed disease subtypes were largely 
unable to provide meaningful prognostic stratification. While the terminology from 
the FAB classification system still persists in present-day medical vernacular, this 
system is considered obsolete.

Janet Rowley described the t(8;21)(q22;q22.1) translocation in 1973; this was 
the first recurrent genetic aberrancy reported in association with AML. As the cyto-
genetic profile for this disease was slowly elucidated over subsequent decades, a 
diagnostic paradigm shift occurred in the 2001 third edition of the World Health 
Organization (WHO) classification with inclusion of genetic abnormalities into the 
diagnostic algorithms for AML diagnosis. The importance of underlying cytoge-
netic aberrancies was recognized, as was secondary-AML arising from lower-grade 
myeloid neoplasms, prior cytotoxic therapies for unrelated malignancy, or disease 
arising in a background of multilineage dysplasia. These categories were expanded 
and refined further in 2008 and 2016. The 2016 WHO classification system is the 
most current AML classification system, and the use of prior less-specific terminol-
ogy is discouraged [1].

The ability to risk-stratify cases of primary-AML was somewhat limited in 
first iteration of the WHO classification system. Recognized genetic defects 
were limited to chromosomal translocations at the time, and conventional cyto-
genetic testing modalities fail to detect aberrancies in a significant subset of 
cases (a disease subgroup often referred to as “normal karyotype AML”). The 
2008 WHO revision broadened the scope of genetics in AML diagnosis, accept-
ing that multiple types of genetic lesions could cooperate to create a leukemic 
process. More recent molecular sequencing studies have further characterized 
the genetic landscape of AML and have helped to close the knowledge gap. It is 
now understood that numerous cooperating mutations occur in AML [2]. While 
molecular profiling analysis is initially focused on normal karyotype AML, 
somatic sequence mutations appear to  demonstrate prognostic importance across 
other genetic AML subtypes, and sequencing analysis appears to be indicated in 
all cases of AML [2, 3]. At present, most cases of primary/de novo AML can be 
genetically categorized, and several specific subtypes of AML can be diagnosed 
on the basis of underlying genetics without regard to blast cell count. The sub-
group of AML, not otherwise specified, which has no distinct clinical, immuno-
phenotypic, or genetic features is expected to continue to shrink as knowledge 
of AML pathogenesis accumulates (Fig. 14.1).
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 A Standard Genetic Workup

The specimen for evaluation (peripheral blood or bone marrow) should be obtained 
before initiation of any definitive therapy. At present, a standard workup for newly 
diagnosed AML should include:

• Complete karyotype and/or FISH analysis for subtype defining aberrancies
• NPM1, CEBPA, RUNX1, and FLT3 somatic sequence mutation analysis
• IDH1/2 mutation analysis for potential targeted therapy in relapsed/refractory 

disease
• KIT mutation analysis in all cases with t(8;21)(q22;q22.1) RUNX1-RUNX1T1 

and AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22) CBFB-MYH11

Although detection of recurrent cytogenetic aberrancies generally provides the 
most significant prognostic information at diagnosis, nearly half of all adult AML 
cases will show no detectable abnormalities by karyotype. Molecular genetic analy-
sis is quickly filling the knowledge gap. Many other gene mutations are also known 
to have prognostic significance or relevance for clinical trials in AML and may be 
readily evaluable by targeted next-generation sequencing gene mutation panels (a 
selection of these are found in Table 14.1).

 AML with Recurrent Genetic Aberrancies

This category of acute myeloid leukemia includes entities that are defined by both 
by balanced chromosomal rearrangements and by specific gene sequence 

t(8;21)

t(15;17)

inv(16)/t(16;16)

t(9;11)

t(6;9)/inv(3)/t(1;22)

MRC-related

Therapy-related

27%

10%

20%

6%
5% 8%

5%

10%

6%

3%

NPM1

CEBPA

Unclassified

Fig. 14.1 General breakdown of AML subtypes by 2016 WHO classification
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Table 14.1 Genes with recurrent somatic sequence mutations in AML

Mutated 
gene Prognostic significance in AML

ASXL1 Associated with worse DFS, EFS, RFS, and OS compared to cases with 
wt-ASXL1

CEBPA, 
biallelic

WHO AML subtype defining
Better DFS, EFS, and OS compared to cases with single mutation or wt-CEBPA

DNMT3A Conflicting reports regarding prognostic significance
Concurrent mutation with mut-NPM1 and FLT3-ITD appears to worsen EFS and OS

IDH1/2 Conflicting reports regarding prognostic significance
Mut-IDH1/2 qualifies for FDA-approved IDH inhibitor therapy in relapsed or 
refractory AML

FLT3-ITD Significantly worse OS compared to those without FLT3-ITD, especially in 
persons <60 years old
If present in the setting of AML with mutated NPM1, significantly worse EFS, 
RFS, DFS, and OS compared to cases with NPM1 mutation alone
2017 ELN guidelines recognize increasingly worse RR and OS with increasing 
FLT-ITD mutant allele burden; ELN guidelines define FLT3-ITDlow as <0.5 and 
FLT3-ITDhigh as ≥0.5
FLT3-ITD (and tyrosine kinase domain mutation) qualify for FDA-approved 
targeted therapy with Midostaurin

KIT In t(8;21) AML, associated with shorter DFS, RFS, EFS, and OS compared to 
cases with wt-KIT

In the setting of inv(16)/t(16;16) AML, no difference in EFS, RFS, PRS, or OS 
compared to cases with wt-KIT
Some single studies report shorter RFS and OS compared to cases with wt-KIT

KMT2A- 
PTD

Among younger patients (<60 years), shorter OS than for patients without 
KMT2A-PTD

NPM1 WHO AML subtype defining
In isolation, generally associated with good response to induction chemotherapy 
and a favorable prognosis
If concurrent with FLT3-ITD, then EFS, RFS, DFS, and OS are significantly 
worsened

RUNX1 Potentially indicative of a WHO AML provisional subtype (in the absence of 
other subtype defining abnormalities)
Shorter DFS, RFS, EFS, and OS compared to cases with wt-RUNX1

TET2 Conflicting reports regarding prognostic significance; some reports indicate no 
significant differences, whereas others report context-dependent worse EFS and OS

TP53, mut 
or loss

In the setting of a complex karyotype (≥3 abnormalities), associated with shorter 
RFS, EFS, and OS than for patients with wt-TP53

In the setting of a complex karyotype (≥5 abnormalities), no significant 
difference in DFS or OS
When associated with abnormalities of chromosomes, 5, 7, or 17, and/or a 
complex karyotype (≥5 abnormalities), associated with shorter OS than for 
patients with wt-TP53

WT1 Associated with worse RR and OS compared to cases with wt-WT1
In the setting of pediatric AML, associated with worse treatment-resistant disease, 
EFS, and OS

DFS disease-free survival, EFS event-free survival, ELN European LeukemiaNet, mut mutant, OS 
overall survival, PFS progression-free survival, PTD partial tandem duplication, RFS relapse-free 
survival, RR risk of relapse, wt wild type
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mutations. The 2016 WHO classification system recognizes eight subtypes defining 
balanced chromosomal gene fusions and three subtypes related to specific somatic 
gene sequence mutations, each with distinctive clinicopathologic features and prog-
nostic associations. Many other balanced gene rearrangements are known to recur 
in AML [4], but these are very rare and are not currently recognized to represent 
distinct diagnostic entities.

The diagnosis of AML typically requires demonstrating a myeloblast population 
that represents at least 20% of the peripheral blood or bone marrow cellularity. 
However, the WHO permits assigning an AML diagnosis without regard to blast 
count for three entities, based on the strength of associated underlying cytogenetic 
aberrancies. These entities are the two core binding factor AMLs associated with 
t(8;21) and inv(16)/t(16;16) and acute promyelocytic leukemia with PML-RARA 
fusion. The minimum threshold of 20% myeloblasts is still required for an AML 
diagnosis with the remaining recurrent genetic aberrancies.

 Core Binding Factor AML (Tables 14.2 and 14.3)

AML with t(8;21)(q22;q22.1) results in the fusion of RUNX1 (also known as core 
binding factor-α) and RUNX1T1, often presenting with large myeloblasts that have 
abundant basophilic cytoplasm, azurophilic granules, few large pseudo-Chédiak- 
Higashi granules, and perinuclear hoffs. AML with inv(16)(p13q22) or t(16;16)
(p13;q22) CBFB-MYH11 disrupts the beta subunit of core binding factor, often pre-
senting with myelomonocytic blasts and abnormal background eosinophils, usually 
with large basophilic colored granules. These translocations disrupt the function of 
core binding factor, a crucial heterodimeric transcription factor that helps control 
stem cell development and normal hematopoiesis. Together these represent about 
12–15% of acute myeloid leukemia cases in adults and are commonly referred to as 
the core binding factor (CBF) leukemias.

Table 14.2 General features of AML with t(8;21)(q22;q22.1)

Defining aberrancy t(8;21)(q22;q22.1)
Genes involved RUNX1-RUNX1T1

Frequency in adult 
AML

1–5%

Myeloblast requirement Does not require 20% blast threshold for diagnosis of AML
Prognostic implication Generally favorable
Prognostic modifier(s) KIT gene mutation (20–30% of cases): higher risk of relapse and 

worse overall survival
2° cytogenetic 
abnormalities

Found in >70% of cases; more frequent findings include loss of a sex 
chromosome or del(9q)

Diagnostic testing Karyotype and FISH
PCR testing is available, but typically not used for diagnosis
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Most of these cases will also carry other cytogenetic aberrancies. Presence of sec-
ondary cytogenetic aberrations or complex karyotypes do not appear to affect clinical 
outcomes for patients with t(8;21) AML [5]. In AML with inv(16) or t(16;16), trisomy 
8 is associated with a worse prognosis, and trisomy 22 has been associated with an 
improved prognosis [6]. Somatic sequence mutations in KIT exons 8 and 17 are asso-
ciated with a worse prognosis [1], and patients may benefit from hematopoietic stem 
cell transplant at first remission. Sequence mutations in genes activating tyrosine 
kinase signaling are frequent in both subtypes of CBF- AML; genes involving the 
RTK/RAS signaling pathways are affected in nearly 30% of cases and may suggest 
shorter event-free survival [7]. Genes involved in chromatin modification of the cohe-
sin complex are seen at high frequencies in t(8;21) AML (42% and 18%, respectively), 
but are generally absent in inv(16)/t(16;16) AML [8]. Similarly ASXL2 mutations are 
seen in 20–25% of patients with t(8;21) AML, but are uncommon in inv(16)/t(16;16) 
disease [9]. RT-PCR targeted against fusion transcripts have been used for minimal 
residual disease (MRD) assessment in CBF- AML which appears to allow for identifi-
cation of patients at high risk of relapse [10, 11]. MRD monitoring early after trans-
plant may be more predictive of relapse risk than presence of KIT mutations [12].

 Acute Promyelocytic Leukemia (APL) (Table 14.4)

APL presents with a predominance of abnormal promyelocytes and arises in the 
setting of fusion of the PML (a nuclear regulatory factor) and RARA (retinoic acid 

Table 14.3 General features of AML with inv(16)(p13q22) or t(16;16)(p13;q22)

Defining aberrancy inv(16)(p13q22) or t(16;16)(p13;q22)
Genes involved CBFB-MYH11

Frequency in adult 
AML

5–8%

Myeloblast 
requirement

Does not require 20% blast threshold for diagnosis of AML

Prognostic 
implication

Generally favorable

Prognostic 
modifier(s)

Unfavorable:
  Trisomy 8
  KIT gene mutation (30–40% of cases): higher risk of relapse and worse 

overall survival, effect not as severe as in cases with t(8;21) 1

  FLT3 mutations
Favorable:
  Trisomy 22

2° cytogenetic 
abnormalities

Found in ~40% of cases; more frequent findings include gains of 
chromosomes 8, 21, and 22 and losses of 7q1

Diagnostic testing Karyotype and FISH
  inv(16) is often subtle and may be missed on chromosome analysis; 

thus FISH testing may be preferred
PCR testing is available, but typically not used for diagnosis
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receptor alpha) genes. This fusion protein acts as a constitutive transcriptional 
repressor of RARα target-genes, but this repression may be alleviated by pharmaco-
logic doses of tretinoin [13]. The leukemic blasts are highly sensitive to differentiat-
ing agents, tretinoin (also referred to as ATRA, all-trans-retinoic acid) and arsenic 
trioxide [14], as well as to anthracycline-based chemotherapy. APL is classically 
associated with the t(15;17)(q24.1;q21.2) translocation, but may arise from cryptic 
or variant PML-RARA fusions.

Three breakpoint cluster regions (bcr) are described in the PML gene; fusions 
involving bcr1 and bcr2 are of similar size and are together referred to as long (L) 
isoform, and those involving bcr3 result in a short (S) isoform [15]. Hypergranular/
typical APL represents ~70% of all cases and is often associated with the long iso-
form. The short isoform is more common in the microgranular (also called hypo-
granular) variant APL. Both variants are associated with a high risk of disseminated 
intravascular coagulation, increased fibrinolysis, and significant coagulopathy asso-
ciated with early death [16].

Secondary cytogenetic abnormalities are found in about 40% of cases. FLT3 
mutations are found in 30–40% of cases, and FLT3-ITD is associated with a higher 
WBC count, microgranular morphology, and involvement of the bcr3 breakpoint 
[17]. Variant RARA translocations also occur with gene partners other than PML. 
Described variant fusion partners include ZBTB16 at 11q23.2, NUMA1 at 11q13.4, 
NPM1 at 5q35.1, and STAT5B at 17q11.2 [18]. Such cases should be diagnosed as 
“APL with a variant RARA translocation.” The ZBTB16-RARA and STAT5B-RARA 
translocations demonstrate resistance to ATRA differentiation therapy [19].

Table 14.4 General features of APL with PML-RARA

Defining aberrancy t(15;17)(q24.1;q21.2)
  The WHO no longer includes the karyotype in the disease name as the 

disease is defined by the gene fusion, even when cryptic
Genes involved PML-RARA

Frequency in adult 
AML

5–8%

Myeloblast 
requirement

Does not require 20% blast threshold for diagnosis of AML

Prognostic 
implication

Has most favorable long-term outcomes of all AML subtypes, though 
significant complications may arise at disease onset

Prognostic 
modifier(s)

Secondary genetic abnormalities are of unclear prognostic relevance in 
the context of current therapy
  FLT3 mutations found in 30–40% of cases, internal tandem 

duplications are more frequent
Alternate RARA translocations with ZBTB16 and STAT5B show resistance 
to ATRA differentiation therapy

2° cytogenetic 
abnormalities

Found in ~40% of cases; gains of chromosomes 8 in ~10–15% of cases

Diagnostic testing Karyotype and FISH
  FISH testing is preferred due to the shorter time to result
PCR testing is available; while typically used for disease monitoring, it 
may be helpful for diagnostic confirmation in rare FISH cryptic cases
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Minimal residual disease (MRD) monitoring for PML-RARA transcripts by PCR 
is currently the best predictor of relapse-free survival [20]. Detection of PML-RARA 
by RT-PCR in the immediate post-treatment period does not impact the clinical 
outcome, as abnormal promyelocytes may persist for several weeks after initiating 
therapy. However, detection of fusion transcripts after achieving complete remis-
sion is strongly predictive of relapse, and early pre-emptive therapy may prevent 
overt clinical relapse [20, 21].

 AML with t(9;11)(p21.3;q23.3), KMT2A-MLLT3 (Table 14.5)

This subtype accounts for about 2% of adult AML but represents 9–12% of pediat-
ric cases. The leukemic blasts often show monocytic or myelomonocytic differen-
tiation, and patients may present with disseminated intravascular coagulation, 
myeloid sarcoma, or soft tissue infiltration. KMT2A encodes a histone methyltrans-
ferase which participates in chromatin remodeling. While fusions involving KMT2A 
are seen in 5–10% of all AML, the WHO classification for this category is limited 
specifically to t(9;11)(p21.3;q23.3) [1].

Over 130 different translocations involving KMT2A have been described, includ-
ing greater than 90 different gene fusion partners and at least 6 translocations with 
no obvious gene fusions [22]. Translocations with MLLT3 are the most common of 
these (~30% of cases) and appear to define a more distinct pathologic entity [1, 22]. 
AML with other balanced translocations of 11q23.3 are classified as AML, not oth-
erwise specified, though the translocation should also be stated in the diagnostic line 
(except in cases which meet criteria for therapy-related AML or AML with 
myelodysplasia- related changes).

Secondary cytogenetic aberrancies and complex karyotypes may be seen in 
t(9;11) AML, but do not appear to affect clinical outcomes for these patients [5]. 
Somatic sequence mutations of NRAS or KRAS are seen in 30–40% of cases, but 

Table 14.5 General features of AML with t(9;11)(p21.3;q23.3)

Defining aberrancy t(9;11)(p21.3;q23.3)
Genes involved KMT2A-MLLT3

Frequency in adult AML ~2%
Myeloblast requirement Requires ≥20% myeloblasts for AML diagnosis
Prognostic implication Intermediate prognostic risk
Prognostic modifier(s) Overexpression of MECOM (EVI1) associated with very poor 

prognosis
2° cytogenetic 
abnormalities

Varied, including trisomy 8 and complex karyotypes

Diagnostic testing Karyotype and FISH
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the incidence of FLT3 mutations is low compared to other AML subtypes [23]. 
Overexpression of MECOM (previously known as EVI1) has been reported in 
about 40% of cases, and some reports suggest that t(9;11) AML positive for over-
expression are biologically distinct from MECOM-negative cases [24]. Patients 
with de novo AML and t(9;11)(p21.3;q23.3) are at intermediate prognostic-risk 
but appear to have a relatively better survival than patients with other transloca-
tions at 11q23, who generally experience more adverse clinical outcomes [25]. 
Overexpression of MECOM in KMT2A-rearranged AML is associated with a very 
poor prognosis [24, 26].

 AML with t(6;9)(p23;q34.1), DEK-NUP214 (Table 14.6)

This uncommon subtype accounts for 0.7–1.8% of all cases and often presents with 
basophilia (≥2% basophils), cytopenias, and multilineage dysplasia [1]. Despite the 
presence of multilineage dysplasia, the t(6;9) takes precedence over the less specific 
diagnosis of AML with myelodysplasia-related changes (AML-MRC). NUP214 
encodes the CAN nucleoporin. Fusion with the DEK oncogene results in abnormal 
transcription factor activity, most likely due to altered nuclear transport due to bind-
ing of soluble transport factors [27].

The DEK-NUP214 fusion is the sole cytogenetic abnormality identified in nearly 
90% of cases [28]. AML with t(6;9) has poor survival rates with conventional che-
motherapy, and patients may benefit from allogeneic hematopoietic stem cell trans-
plantation. Although the WHO requires ≥20% myeloblasts to diagnose this entity, 
this threshold requirement is controversial. FLT3-ITD mutation is found in 70–80% 
of cases, but the poor prognosis of this AML subtype is independent of FLT3 muta-
tion status [29, 30].

Table 14.6 General features of AML with t(6;9)(p23;q34.1)

Defining aberrancy t(6;9)(p23;q34.1)
Genes involved DEK-NUP214

Frequency in adult 
AML

0.7–1.8%

Myeloblast 
requirement

Requires ≥20% myeloblasts for AML diagnosis (controversial)

Prognostic 
implication

Poor prognostic risk

Prognostic 
modifier(s)

FLT3 mutations found in 70–80% of cases, but finding does not appear 
to confer additional negative prognostic risk

2° cytogenetic 
abnormalities

Uncommon, though complex karyotypes have been described

Diagnostic testing Karyotype and FISH
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 AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, 
MECOM (Table 14.7)

This uncommon subtype accounts for 1–2% of AML and often presents with nor-
mal to increased platelet counts and multilineage dysplasia, typically with promi-
nent uni- or bi-lobed dwarf megakaryocytes [1]. Despite the presence of multilineage 
dysplasia, the presence of inv(3) or t(3;3) takes diagnostic precedence over the less 
specific diagnosis of AML-MRC. This rearrangement pairs the oncogene MECOM 
with a GATA2 enhancer. No abnormal fusion transcript is generated by this gene 
rearrangement, but it contributes to leukemogenesis by both stimulating MECOM 
expression and causing GATA2 insufficiency [31, 32]. Inappropriate expression of 
MECOM (previously known as EVI1) is seen in a variety of AMLs, and high expres-
sion is a poor prognostic indicator independent of 3q26.2 translocations [33]. While 
other aberrancies involving chromosome 3q26.2 and variant fusion partners for 
MECOM have been described, these are currently excluded by WHO from the AML 
with recurrent genetic abnormalities disease category [1].

Secondary cytogenetic aberrancies are found in most cases of AML with inv(3) 
or t(3;3) and are of the variety that are typically associated with myelodysplasia. 
Monosomy 7 can be found in up to 66% cases, and chromosome 5q deletions and 
complex karyotypes are also commonly described [34]. Activating mutations in 
genes affecting the RAS/receptor tyrosine kinase signaling pathways are found in 
about 98% of cases, including NRAS, PTPN11, FLT3, KRAS, NF1, CBL, and KIT 
[35]. Other commonly mutated genes include GATA2, RUNX1, and SF3B1 [35, 36].

This subtype of AML is typically associated with an aggressive disease course, 
therapy resistance, and short survival. Although the WHO requires ≥20% myelo-
blasts to diagnose this entity, this threshold requirement is controversial as disease 
associated with inv(3) or t(3;3) and <20% blasts have an equally poor outlook, simi-
lar clinicopathologic features, and identical mutational patterns at the molecular 
genomic level [1]. A complex karyotype or concomitant monosomy 7 worsens the 
already adverse prognosis associated with this subtype [34].

Table 14.7 General features of AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2)

Defining aberrancy inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2)
Genes involved GATA2, MECOM

Frequency in adult 
AML

1–2%

Myeloblast 
requirement

Requires ≥20% myeloblasts for AML diagnosis (controversial)

Prognostic implication Poor prognostic risk
Prognostic modifier(s) Monosomy 7 or complex karyotype associated with poorer prognosis
2° cytogenetic 
abnormalities

Seen in 75% of cases and are typically “MDS-related,” including −5q, 
−7, and complex karyotypes

Diagnostic testing FISH
  Chromosome 3q26.2 rearrangements may be cryptic to conventional 

chromosome analysis
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 AML (Megakaryoblastic) with t(1;22)(p13.3;q13.1), RBM15- 
MRTFA (Table 14.8)

This rare subtype with megakaryoblasts represents <1% of all AML cases. It pres-
ents almost exclusively in infants; 80% of diagnoses are made within the first year of 
life, and most occur within the first 6 months [1]. These children usually have marked 
hepatosplenomegaly, cytopenias, and a densely fibrotic marrow with bilateral peri-
ostitis or osteolytic lesions. The patient may also present with a soft tissue mass, 
mimicking other small round blue cell tumors. The translocation fuses RBM15, a 
RNA recognition motif-encoding gene, to MRTFA (previously known as MLK1), a 
protein with a DNA-binding motif involved in chromatin organization [37].

AML with t(1;22) represents only ~14% of the non-Down syndrome acute mega-
karyoblastic leukemias [38]. In most cases, the RBM15-MRTFA fusion is the sole 
cytogenetic aberrancy [1]. When compared to other de novo cases of non-Down 
syndrome acute megakaryoblastic leukemia, presence of the t(1;22) translocation 
appears to be associated with intermediate-risk disease and inferior event-free sur-
vival [38, 39].

 AML with Mutated NPM1 (Table 14.9)

Mutations in NPM1 are among the most frequent acquired genetic abnormalities in 
AML, occurring in 2–8% of childhood cases, 27–35% of adult cases, and 45–64% 
of adult normal karyotype (NK) AML [1]. The NPM1 gene encodes nucleophos-
min, a multifunctional chaperone protein which localizes to the nucleus, partici-
pates in the biogenesis of ribosomes, and helps regulate the ARF-TP53 tumor 
suppressor pathway [40, 41]. Mutations typically involve exon 12 and lead to a 
frameshift in the C-terminal protein region, with subsequent cytoplasmic displace-
ment of the protein [42]. NPM1 mutations are also considered late aberrancies in 

Table 14.8 General features of AML with t(1;22)(p13.3;q13.1)

Defining aberrancy t(1;22)(p13.3;q13.1)
Genes involved RBM15-MRTFA (MRTFA previously known as MKL1)

Frequency in adult 
AML

<1%

Myeloblast 
requirement

Requires ≥20% myeloblasts for AML diagnosis

Prognostic implication Intermediate prognostic risk
Prognostic modifier(s) –
2° cytogenetic 
abnormalities

Uncommon, though additional abnormalities more frequently found in 
“older” patients (>6 months)

Diagnostic testing Karyotype and FISH
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leukemogenesis, following earlier somatic mutations in genes involved in epigene-
tic regulatory processes such as DNA methylation, histone modification, and chro-
matin looping [43, 44].

The leukemic blasts often have a monocytic or myelomonocytic phenotype.
NPM1 mutations are usually mutually exclusive of other recurrent AML-defining 

cytogenetic aberrancies and are typically associated with normal karyotypes [45]. A 
minority of cases (5–15%) will carry nonspecific chromosomal alterations such as 
+4, +8, −Y, del(9q), and +21; however these findings do not appear to alter the dis-
ease profile or survival outcomes, when compared to “normal-karyotype disease” 
[45]. Cytogenetic aberrancies typically associated with myelodysplasia are uncom-
mon in this setting of NPM1-mutated AML [46], but morphologic dysplasia may be 
seen in up to a quarter of cases. However, AML-MRC-related cytogenetic abnor-
malities should take diagnostic precedence if detected. Other acquired sequence 
mutations are common, and commutated genes often include FLT3, TET2, 
DNMT3A, IDH1/2, and KRAS/NRAS and cohesin complex genes [47].

In NK-AML, NPM1 mutation confers a favorable prognosis, similar to that of 
core binding factor AMLs [48]. A significant minority (~25%) of NPM1-mutated 
NK-AML may have multilineage dysplasia, but the finding does not impact the 
good prognosis associated with NPM1 mutation unless myelodysplasia-associated 
cytogenetic aberrancies are also detected [49]. About 40% of NPM1-mutated AML 
will have concurrent FLT3-ITD mutations, and this abnormality appears to negate 
the favorable prognostic effect [50]. The relative allelic ratio of FLT3-ITD appears 
to have prognostic significance in this setting, and NPM1-mutated patients with a 
low-allelic burden of FLT3-ITD (i.e., <0.5) seem to retain favorable outcomes [51]. 
Regardless, patients with NPM1 mutation appear to have a better prognosis than 

Table 14.9 General features of AML with mutated NPM1

Defining aberrancy NPM1 exon 12 mutation
Genes involved NPM1

Frequency in adult 
AML

27–35%

Myeloblast 
requirement

Requires ≥20% myeloblasts for AML diagnosis

Prognostic 
implication

Generally favorable

Prognostic 
modifier(s)

MDS-related cytogenetic abnormalities take diagnostic priority
Concurrent FLT3-ITD mutation is associated with an intermediate 
prognostic risk
Concurrent FLT3-ITD and DNMT3A mutation have particularly adverse 
impact on overall and event-free survival

2° cytogenetic 
abnormalities

Typically normal karyotype; 5–15% of cases may have a diagnostically 
nonspecific abnormality

Diagnostic testing Molecular testing (sequencing, fragment size analysis, etc.)
Cytoplasmic nucleophosmin staining by immunohistochemistry has been 
used as a surrogate method for detection of the gene mutation
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patients with FLT3-ITD and wild-type NPM1, especially in cases with a high FLT3- 
ITD allelic ratio (i.e., ≥0.5) [52, 53]. Concurrent mutations of NPM1, FLT3-ITD, 
and DNMT3A appear to have a particularly adverse impact on overall and event-free 
survival [54].

 AML with Biallelic Mutations of CEBPA (Table 14.10)

Biallelic mutations of CEBPA may be seen in 4–9% of children with AML, at a 
lower frequency in adult disease, and are generally associated with a good prognosis 
similar to that seen in CBF-AML [1]. CEBPA encodes a protein called CCAAT 
enhancer-binding protein alpha, which serves multiple functions including as a 
hematopoiesis-associated transcription factor and also as a tumor suppressor gene. 
Biallelic gene mutation is required for diagnosis; the favorable prognostic associa-
tion is linked to a specific gene expression profile that is not identified with single 
allele mutation [1, 55, 56]. Only sequence mutations of the CEBPA gene are taken 
into diagnostic consideration for this subtype, though there are many routes that can 
lead to CEBPA inactivation. This AML subtype does not have particularly distinc-
tive morphologic features.

More than 70% of cases will be associated with a normal karyotype. Factors 
which might negatively impact the favorable prognostic risk include presence of 
cytogenetic aberrancies (i.e., an abnormal karyotype) and co-mutation with 
 FLT3- ITD [57, 58], though this still requires additional clarification [1]. Concurrent 
GATA1 and WT1 mutations are relatively frequent in patients with biallelic CEBPA 
mutation, but FLT3-ITD, NPM1, ASXL1, and RUNX1 mutations are uncommon and 

Table 14.10 General features of AML with biallelic mutations of CEBPA

Defining aberrancy Biallelic CEBPA mutations
Genes involved CEBPA

Frequency in adult 
AML

~4–9% in children/young adults, likely less in adult disease

Myeloblast 
requirement

Requires ≥20% myeloblasts for AML diagnosis

Prognostic 
implication

Generally favorable

Prognostic 
modifier(s)

FLT3-ITD (5–9% of cases) and GATA2 mutations (~39% of cases) are 
described; currently have unclear significance
Cytogenetic aberrancies; currently unclear significance
  Myelodysplasia-related abnormalities take diagnostic priority

2° cytogenetic 
abnormalities

Found in ~5–15% of cases; typically diagnostically nonspecific

Diagnostic testing Molecular testing (gene sequencing)
  Sequencing CEBPA and confirmation of biallelic mutation is 

technically challenging due to high GC content and short sequence 
reads
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seen more frequently in CEBPA monoallelic cases [59]. Cytogenetic aberrancies 
typically associated with myelodysplasia are uncommon in this setting of biallelic 
CEBPA mutation, but morphologic dysplasia may be seen in about a quarter of 
cases [1, 60]. The finding of dysplasia alone does not influence the prognosis, but 
AML-MRC-related cytogenetic abnormalities should take diagnostic precedence if 
detected [1, 60] (see Table 14.11).

Germline mutation of CEBPA is also a described phenomenon and is well associ-
ated with predisposition to develop AML.  Therefore, identification of biallelic 
CEBPA mutation in AML should prompt evaluation of possible germline inheri-
tance, especially in patients presenting as children or young adults (see section 
“Myeloid Neoplasms with Germline Predisposition”).

 Provisional 2016 WHO AML with Recurrent Genetic 
Abnormality Subtypes

BCR-ABL1 fusion and RUNX1 mutation define new provisional entities in the 2016 
WHO AML classification system. AML with BCR-ABL1 is a de novo AML with no 
evidence of chronic myeloid leukemia, both prior to and after therapy. This is a rare 
subtype, accounting for <1% of all cases of AML [1, 61]. Most cases demonstrate 
the p210 fusion, though a minority of reported cases had p190 transcripts. Most 
cases have additional cytogenetic abnormalities such as loss of chromosome 7, gain 
of chromosome 8, or complex karyotypes [61–63]. AML with BCR-ABL1 is 
reported to be an aggressive disease with poor response to traditional AML therapy 
or tyrosine kinase inhibitor therapy alone.

RUNX1 mutations are reported to occur in 4–16% of AML, but can also be found 
in numerous other myeloid neoplasms. The diagnosis of AML with mutated RUNX1 

Table 14.11 Cytogenetic abnormalities diagnostica for AML-MRC

1. Complex karyotype (defined as three or more unrelated clonal abnormalities)
2. Unbalanced abnormality 3. Balanced translocations

−7/del(7q) t(11;16)(q23.3;p13.3)
del(5q)/t(5q) t(3;21)(q26.2;q22.1)
i(17q)/t(17p) t(1;3)(p26.3;q21.2)
−13/del(13q) t(2;11)(p21;q23.3)
del(11q) t(5;12)(q32;p13.2)
del(12p)/t(12p) t(5;7)(q32;q11.2)
idic(x)(q13) t(5;17)(q32;p13.2)
– t(5;10)(q32;q21)
– t(3;5)(q25.3;q35.1)

aPresence of any of these cytogenetic abnormalities is considered sufficiently specific to diagnose 
AML with MRC when there are ≥20% blood or marrow-based myeloblasts and prior therapy has 
been excluded
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should not be made for cases that fulfill criteria for any of the other specific AML 
subtypes, including AML with recurrent genetic abnormalities, AML with 
myelodysplasia- related changes, and therapy-related myeloid neoplasms [1]. 
RUNX1 mutations found in the setting of myelodysplasia (MDS) frequently coin-
cide with additional gene mutations including SRSF2, EZH2, STAG2, and ASXL1, 
and this profile appears similar in AML with mutated RUNX1 [64, 65]. Some stud-
ies have associated RUNX1 mutations with worse overall survival in AML. Germline 
mutation of RUNX1 is also described and is associated with an autosomal dominant 
thrombocytopenia and also increased risk for MDS/AML. When identified in AML, 
RUNX1 mutation should prompt evaluation of family history and possible consider-
ation for germline sequence analysis (see section “Myeloid Neoplasms with 
Germline Predisposition”).

 AML with Myelodysplasia-Related Changes

This diagnostic category represents 24–35% of AML and encompasses disease with 
≥20% peripheral blood or bone marrow myeloblasts and (1) dysplasia in ≥50% of 
at least two cell lines, (2) a prior history of MDS or myelodysplastic/myeloprolif-
erative neoplasm (MDS/MPN), or (3) underlying MDS-associated cytogenetic 
abnormalities [1]. Identifying an AML-associated recurrent cytogenetic aberrancy 
or history of cytotoxic/radiation therapy for unrelated disease would exclude this 
diagnostic category. The cytogenetic aberrancies associated with this category of 
AML are similar to those found in MDS and include complex karyotypes, unbal-
anced gains/losses of major chromosomal regions, and number of uncommon bal-
anced translocations (Table 14.11). Some abnormalities that are common in MDS, 
such as trisomy 8, del(20q), and loss of chromosome Y, are not sufficiently specific 
in isolation to diagnose AML-MRC [1].

This category is generally associated with a poorer prognosis and lower rates of 
complete remission than other AML subtypes [66, 67]. There are generally no sig-
nificant differences in survival between AMLs arising from myelodysplasia and de 
novo AMLs with multilineage dysplasia [67]. Some cases with a prior history of 
MDS, intermediate-risk cytogenetics, and relatively low blast counts (20–29%) may 
exhibit clinical behavior more similar to MDS [68], with response and survival 
benefit from hypomethylating agents. Cases with high-risk cytogenetics generally 
have no survival differences compared to AML cases with ≥30% blasts [68]. Of 
note, a significant minority of AML associated with NPM1 or biallelic CEBPA 
mutations will show multilineage dysplasia. In the absence of MDS-specific cyto-
genetic aberrancies, these cases retain a good prognostic outlook, with similar 
behavior to cases without multilineage dysplasia [49, 60].

The 2016 WHO classification system does not recognize any somatic gene 
sequence mutations as being diagnostically specific for the AML-MRC category. 
However, acquired variants in some genes have frequent association with secondary 
AMLs arising from antecedent myeloid malignancy. Mutations in SRSF2, SF3B1, 
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U2AF1, ZRSR2, ASXL1, EZH2, BCOR, STAG2, RUNX1, and TP53 are common in 
AML-MRC and occur at a higher frequency than in other forms of AML, NOS [69, 
70]. Presence of TP53 mutations is almost always associated with complex karyo-
types and may suggest an even worse prognosis than other cases in this already poor 
prognostic group [69–72].

 Therapy-Related Myeloid Neoplasms

Therapy-related myeloid neoplasms (t-MNs) arise as an uncommon late effect of 
chemotherapy and/or radiation therapy for an unrelated illness, usually another 
malignancy, solid organ transplant, or autoimmune disease. The morphologic pre-
sentation at diagnosis can be variable, and this category represents about 10–20% of 
all cases of AML, MDS, and MDS/MPN [1]. t-MNs are morphologically heteroge-
neous and can look like either MDS or AML, but the 2016 WHO classifies them 
collectively in a single category due to general behavioral similarities and extremely 
poor outcomes that are independent of blast counts [1]. The most common anteced-
ent malignancies are breast, lung, and hematologic cancers, chiefly lymphomas and 
multiple myeloma [73, 74]. The leukemic blasts do not have diagnostically specific 
morphologic or immunophenotypic features.

The leukemic cells in t-MNs will demonstrate an abnormal karyotype in >90% 
of cases [75, 76]. Essentially all the balanced cytogenetic abnormalities associated 
with AML-MRC are also found in t-MNs; thus the clinical history is central to 
assigning a correct diagnosis. A positive history of cytotoxic therapy takes diagnos-
tic precedence over morphologic dysplasia and MDS-associated cytogenetics. Two 
general subsets of t-MNs are clinically recognized, associated with either (1) alkyl-
ating agents and/or ionizing radiation therapy or (2) topoisomerase II inhibitor ther-
apy (Table 14.12). However, as patients may undergo multiple therapeutic exposures, 
there can be overlap between the general archetypes [77]. The pathogenic effect of 
isolated limited-field radiation therapy is unclear, and the incidence of associated 
t-MNs associated with this form of therapy is uncertain [78].

The more common subtype arises after alkylating agent and/or radiation therapy 
(~70% of patients). There is usually latency period of 5–10  years, an MDS-like 
phase with dyspoiesis and cytopenias and rapid progression to overt AML with 
multilineage dysplasia. These cases are associated with unbalanced chromosomal 
losses (often involving chromosomes 5 and/or 7), complex karyotypes, and muta-
tions or loss of TP53. Loss of 5q is often seen with additional chromosomal abnor-
malities in a complex karyotype, and up to 80% of patients with del(5q) will also 
have mutations or loss of TP53 [1].

The second subtype arises after topoisomerase II inhibitor therapy, but may also 
be seen with radiation therapy alone. The latency period is shorter (1–5  years), 
patients usually do not have an MDS-phase, and overt leukemia is found on presen-
tation. Balanced translocations are more frequent in this subgroup, often involving 
KMT2A at 11q23.3 or RUNX1 at 21q22.1. Category-specific balanced chromo-
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somal rearrangements have been described, such as the t(15;17) PML-RARA fusion 
associated with APL or the inv(16) CBFB-MYH11 fusion associated with CBF- 
AML. The clinical behavior of these cases is still unresolved; some groups have 
reported comparable outcomes to de novo disease, while others have indicated 
worse overall and event-free survival [79, 80].

In general, the prognosis of this disease category is exceptionally poor with over-
all 5-year survival rates that are often reported at <10%. Cases with abnormalities 
of chromosome 5 and/or 7, TP53 mutations, or complex karyotypes have a median 
survival time of <1 year regardless of presentation as overt t-AML or as t-MDS [1]. 
Somatic sequence mutations are frequently reported in the TET2, PTPN11, IDH1/2, 
NRAS, and FLT3 genes, but the clinical significance of these findings is still unde-
termined [81, 82].

 Myeloid Neoplasms with Germline Predisposition and AML 
in Children

 Myeloid Neoplasms with Germline Predisposition

A number of germline abnormalities have been linked with an inherited predisposition 
toward myeloid malignancies, but only a few are specifically predisposing to 
AML. These are rare disorders which represent <1% of AMLs, but the relative fre-
quency of subtypes within this diagnostic category has not been well established [1]. 
Patients present more frequently in childhood, though few subtypes with late- onset 
have been described, and recognition is important for the screening of family 

Table 14.12 Major subtypes of therapy-related myeloid neoplasms

Class of prior therapy Alkylating agent Topoisomerase II inhibitor

Relative frequency ~70% of t-MNs ~30% of t-MNs
Latency to onset 5–10 years 1–5 years
MDS-phase 
preceding overt AML

Common Uncommon

Common cytogenetic 
abnormalities

Unbalanced chromosomal losses; 
chromosomes 5 and/or 7 abnormalities, 
complex karyotypes, and mutations/
loss of TP53

Balanced translocations, 
KMT2A at 11q23.3 or RUNX1 
at 21q22.1 frequently involved

Implicated 
medications

Alkylating agents
Platinum-based therapy
Antimetabolites

Topoisomerase II inhibitors
Anthracyclines

The incidence of t-MNs due to limited-field radiation therapy is unknown
Antitubulin agents (vincristine, vinblastine, docetaxel, etc.) have been implicated, but usually in 
combination with other agents
Topoisomerase II inhibitors may also be associated with therapy-associated lymphoblastic 
leukemia
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members. These disorders are quite rare but the few better-characterized entities fall 
into three groups within the 2016 WHO system, as summarized below:

• Myeloid neoplasms with germline predisposition without a pre-existing disorder 
or organ dysfunction

 – Acute myeloid leukemia with germline CEBPA mutation
 – Myeloid neoplasms with germline DDX41 mutation

• Myeloid neoplasms with germline predisposition and pre-existing platelet 
disorders

 – Myeloid neoplasms with germline RUNX1 mutation
 – Myeloid neoplasms with ANKRD26 mutation
 – Myeloid neoplasms with ETV6 mutation

• Myeloid neoplasms with germline predisposition and other organ dysfunction

 – Myeloid neoplasms with germline GATA2 mutation
 – Myeloid neoplasms associated with bone marrow failure syndromes
 – Myeloid neoplasms associated with telomere biology disorders
 – Juvenile myelomonocytic leukemia associated with neurofibromatosis, 

Noonan syndrome, or Noonan syndrome-like disorders
 – Myeloid neoplasms associated with Down syndrome

AML may be seen associated with any of the germline predisposition entities, but 
a clinical picture dominated by either MDS or AML with no other significant organ 
dysfunction is primarily seen with the first group, including CEBPA and DDX41 
mutations. Disorders associated with germline DDX41 mutation appear to have a lon-
ger latency period, with a median age of 62 years at malignancy onset [1]. An increased 
risk for lymphoid malignancies is also reported for the entities associated with DDX41, 
RUNX1, ANKRD26, and ETV6 mutations and also with Down syndrome [1].

 Transient Abnormal Myelopoiesis and Myeloid Leukemia 
Associated with Down Syndrome

Persons with Down syndrome have a 10- to 100-fold increased risk of developing 
acute leukemia than unaffected persons. About 70% of these cases have a mega-
karyoblastic phenotype, which is rare in non-Down syndrome associated AML [1]. 
Additionally, a significant minority of infants with Down syndrome may also pres-
ent with a temporary clonal myeloid proliferation whose features can mimic and 
even meet criteria for AML. This unusual condition is referred to as transient abnor-
mal myelopoiesis (TAM) associated with Down syndrome. The blasts found in the 
vast majority of TAM also exhibit a megakaryoblastic immunophenotype [1]. The 
unique clinical characteristics of both these myeloid proliferations were recognized 
by the WHO, resulting in a separate categorization in 2008, which has persisted into 
the 2016 update.
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Trisomy 21 itself causes perturbation of fetal hematopoiesis with abnormal pro-
duction in the liver, increases in the number of megakaryocyte-erythroid progenitors, 
and increases in the hematopoietic stem cell compartment [83]. These abnormalities 
are congenital and precede the acquisition of disease-associated somatic mutations 
[84]. Essentially all cases of Down syndrome-associated TAM and AML will acquire 
a subsequent mutation of GATA1, a hematopoietic transcription factor that regulates 
normal megakaryocyte and erythrocyte differentiation [83, 85, 86]. More than 95% 
of the pathologically significant variants are in exon 2 with the remainder in exon 3, 
with resultant N-terminal protein truncation [87]. Additionally, up to 25–30% of all 
neonates with Down syndrome may be found to carry these mutations, though the 
reason for the high frequency in this setting is unclear [88].

However, GATA1 mutations are insufficient in isolation to cause myeloid leuke-
mia associated with Down syndrome; 80–90% of patients with TAM will show 
spontaneous regression of the process within the first 3 months of life [1, 89, 90]. 
Patients with TAM who do progress to acute leukemia usually do so within the first 
5 years of life, and acquisition of additional oncogenic mutations can usually be 
demonstrated. Trisomy 8 is common in this setting (13–44% of cases), but mono-
somy 7 is very rare [1, 91]. Whole genome or exome sequencing studies at progres-
sion to acute leukemia have shown about 50% of cases acquire mutations in cohesin 
complex genes (RAD21, SMC1A, SMC3, and STAG2), 45% will involve epigenetic 
regulators such as EZH2 and KANSL1, and 20% will involve the transcription factor 
CTCF [89, 90]. Other signaling pathways such as JAK kinases, MPL, and RAS 
pathway genes (NRAS, KRAS, CBL, PTPN11, and NF1) were implicated in a smaller 
subset of cases [89, 90]. However, no specific genetic abnormalities can consis-
tently predict transformation of TAM to acute leukemia at present.

 Childhood AML

AML accounts for only 20% of pediatric acute leukemias, but is overtaking acute 
lymphoblastic leukemia as the leading cause of childhood leukemia-related mortal-
ity [92]. Both adult and childhood AML have a low overall mutation burden com-
pared to other human cancers, with a broad spectrum of recurrently impacted but 
relatively infrequently affected genes [92]. However, the landscape of structural and 
sequence-related genomic aberrancies in pediatric AML shows significant differ-
ences from the adult cohort.

While there is some overlap of recurrent cytogenetic abnormalities seen in adult 
and childhood AML, the general types of balanced and unbalanced chromosomal 
abnormalities are different. Structural variants are disproportionately prevalent in 
younger patients, with a variety of uncommon recurrent balanced translocations and 
inversions beyond the specifically named entities in WHO classification system. A 
selection of these rare balanced rearrangements with higher prevalence in pediatric 
AML may be found in Table 14.13. Rearrangements involving KMT2A are the most 
common, seen in ~10–20% of children but in nearly half of affected infants [92, 93]. 
Similar to adult patients, AML associated with t(8;21), inv(16), and t(15;17) are 
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Table 14.13 Chromosomal translocations with a higher prevalence in pediatric AML

Translocation
Associated 
genes

Frequency 
in children

Frequency 
in adults

Age cohort 
bias Prognosis

11q23 fusion family

11q23.3 KMT2A 
translocated

25% 5–10% Infants Dependent on 
partner gene

t(9;11)
(p21.3;q23.3)

KMT2A- 
MLLT3

9.5% 2% Children Intermediate

t(10;11)
(p12;q23.3)

KMT2A- 
MLLT10

3.5% 1% Children Adverse

t(6;11)
(q27;q23.3)

KMT2A- 
AFDN

ND ND Children Adverse [97]

t(11;19)
(q23.3;p13.11)

KMT2A-ELL ND ND Infants, 
children

Adverse [98]

t(6;11)
(q27;q23.3)

KMT2A- 
AFDN

2% <0.5% Children Adverse

t(1;11)
(q21;q23.3)

KMT2A- 
MLLT11

1% <0.5% Children Favorable

NUP fusion family

t(6;9)
(p23;q34.1)

DEK- 
NUP214

1.7% 0.7–1.8% Older children, 
rare in infants

Adverse

t(5;11)
(q35.3;p15.5)a

NUP98- 
NSD1

7% 3% Older children 
and young 
adults

Adverse

t(11;12)
(p15.5;p13.5)a

NUP98- 
KDM5A

3% 0% Children 
<5 years

Intermediate

ETS fusion family

t(7;12)
(q36.3;p13.2)

MNX1-ETV6 0.8% <0.5% Infants Adverse

t(2;12)
(q33.3;p13.2)

ETV6- 
INO80D

ND ND Infants ND

t(16;21)
(p11.2;q22.2)

FUS-ERG ND ND Infants, 
children

ND

GLIS2 fusion family

inv(16)
(p13.3q24.3)a

CBFA2T3- 
GLIS2

3% 0% Infants Adverse

Others

t(1;22)
(p13.3;q13.1)

RBM15- 
MRTFA

0.8% <0.5% Infants, 95% 
of cases 
<2 years old

Intermediate

t(8;16)
(p11.2;q13.3)

KAT6A- 
CREBBP

0.5% <0.5% Infants and 
children

Spontaneous 
regression reported 
in some infant 
cases, Intermediate 
risk in later 
childhood

ND not defined
aDescribed as a cryptic translocation
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associated with superior outcomes, while complex karyotypes and monosomy 7 are 
associated with poor outcomes [92–94]. Monosomal karyotypes have also been 
described as an indicator of poor outcome [95, 96]. Recurrent focal deletions are 
other characteristic findings in pediatric AML. Copy number loss are more common 
in children, and the ZEB2, MBNL1, and ELF1 genes are often affected; ZEB2 and 
MBNL1 co-deletion is a relatively frequent finding, and half of these are found 
accompanying KMT2A-MLLT3 fusions [92]. KMT2A fusions were also commonly 
associated with RAS-related mutations (KRAS, NRAS, PTPN1, or NF1), and a subset 
of KMT2A fusions also showed recurrent mutation in post-transcriptional splicing 
genes (i.e., SETD2, U2AF1, and DICER1) as the sole additional abnormality [92].

Mutations of WT1 appear to be mutually exclusive with those in ASXL1 and 
EZH2, but WT1 or EZH2 variants are seen in about one-quarter of pediatric AML 
cases and may represent early clonal or near-clonal origin [92]. Widespread gene 
silencing by aberrant promoter methylation is enriched in younger patients with 
WT1 mutations, and mutations of WT1, ASXL1, or EZH2 are associated with induc-
tion failure [92]. Other recurrently mutated genes in pediatric AML include variants 
in GATA2, CBL, MYC-ITD, NRAS, and KRAS. NRAS and WT1 are mutated more 
often in younger patients than adults; conversely, mutations in DNMT3A, IDH1/2, 
RUNX1, NPM1, and TP53, which are common in adults, are seen more often in 
older patients [92]. Given the ongoing discovery clarifying the genetics of pediatric 
AML, more robust classification systems for diagnosis and treatment of childhood 
AML will likely be forthcoming.
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Key Points
• The detection of relevant gene mutations can aid in the diagnosis and clas-

sification of chronic myeloid neoplasm, but the finding alone is insufficient 
for definitive diagnosis, and peripheral blood counts and marrow morpho-
logic findings remain crucial.

• With the appropriate clinical context and peripheral blood findings, certain 
gene rearrangements/translocations (e.g., BCR-ABL1, PDGFRA/B rear-
rangements) and chromosomal level losses or gains are diagnostic of 
myeloid neoplasms.

• While mutations in certain genes (e.g., DNMT3A, TET2, ASXL1) can be 
found in a variety of chronic myeloid neoplasms, others (e.g., JAK2, CALR, 
SF3B1) are more associated with particular types of myeloid neoplasms.
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 Introduction

Chronic myeloid neoplasms are a heterogenous group of disorders encompassing 
several disease subgroups. The discovery of genetic alterations affecting a core set 
of genes has revolutionized our overall understanding and diagnostic approach of 
this group of diseases. However, significant overlap exists among subgroups, such 
that the ultimate diagnosis and subclassification rely on an integrated multimodal-
ity approach that carefully incorporates the clinical, morphologic, and genetic fea-
tures of each case. Based on the revised World Health Organization classification of 
tumors of hematopoietic and lymphoid tissues (WHO 2016) [1], chronic myeloid 
neoplasms can be broadly classified into five major categories:

myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPN), 
overlap syndromes (MDS/MPN), mastocytosis, and myeloid neoplasms associ-
ated with eosinophilia and abnormalities of PDGFR (A or B) or FGFR1. Each 
of the major categories is further subdivided into subcategories as summarized 
in Table 15.1.

Table 15.1 General categorization of chronic myeloid neoplasms

Category Subcategory

Myeloproliferative neoplasms 
(MPN)

Chronic myeloid leukemia (CML), BCR-ABL1 positive
Chronic neutrophilic leukemia (CNL)
Polycythemia vera (PV)
Primary myelofibrosis (PMF)
Essential thrombocythemia (ET)
Chronic eosinophilic leukemia, not otherwise specified (CEL, 
NOS)
Myeloproliferative neoplasm, unclassifiable (MPN-U)

Mastocytosis Cutaneous mastocytosis (CM)
Systemic mastocytosis (SM)
Systemic mastocytosis with associated hematologic neoplasm 
(SM-AHN)
Mast cell leukemia

Myeloid/lymphoid neoplasms 
with eosinophilia and gene 
rearrangement

Myeloid/lymphoid neoplasms with PDGFRA rearrangement
Myeloid/lymphoid neoplasms with PDGFRB rearrangement
Myeloid/lymphoid neoplasms with FGFR1 rearrangement
Provisional entity: myeloid/lymphoid neoplasms with 
PCM1-JAK2

Myelodysplastic/
myeloproliferative neoplasms 
(MDS/MPN)

Chronic myelomonocytic leukemia(CMML)
Atypical chronic myeloid leukemia (aCML), 
BCR-ABL1-negative
Juvenile myelomonocytic leukemia (JMML)
Myelodysplastic/myeloproliferative neoplasm with ring
sideroblasts and thrombocytosis (MDS/MPN-RS-T)
Myelodysplastic/myeloproliferative neoplasm, unclassifiable 
(MDS/MPN-U)
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 Myeloproliferative Neoplasms (MPNs)

Myeloproliferative neoplasms are clonal hematopoietic disorders characterized by 
the proliferation of cells in one or more of the myeloid lineages. Patients most often 
present with variable age-matched bone marrow hypercellularity, with proliferation 
of one or more marrow hematopoietic lineages characterized and effective matura-
tion, leading to increased number of myeloid elements, red blood cells, and/or plate-
lets in the peripheral blood (cytosis). All MPNs, although insidious in the mode of 
onset, have the potential to progress to bone marrow failure related to myelofibrosis 
or to transform to acute leukemia.

Most MPNs are associated with genetic abnormalities affecting protein tyrosine 
kinases. Activating genetic abnormalities include translocations, insertions, dele-
tions, and point mutations in several genes (summarized in Table 15.2). BCR-ABL1 
fusions are identified in most patients with chronic myeloid leukemia (CML). At 
diagnosis, 90–95% of cases have the characteristic t(9;22)(q34;q11) translocation 
[2] which results in the formation of the Philadelphia chromosome (Ph) and gives 
rise to the BCR-ABL1 fusion gene [2–5]. The alteration can be detected by routine 
cytogenetics, FISH, or RT-PCR [6]. In a small proportion of cases, more complex 
chromosomal abnormalities or cryptic translocations may be involved, which mask 
translocation detection by routine cytogenetic assessment, but the fusion is detect-
able by FISH or RT-PCR (depending on assay design) [6]. The breakpoint region 
within the BCR gene can vary, generating proteins of different sizes which influence 
the phenotype of the disease. The most common protein is the p210 (210 kDa). 
Rarely, a p230 kDa fusion protein is encoded and is often associated with prominent 
neutrophilic maturation and/or thrombocytosis [6, 7]. The p190 (190 kDa) protein is 
seen in a small proportion of cases as the predominant fusion and is associated with 
an increased number of monocytes [8]. All fusions lead to constitutive activation 
of the kinase and confer sensitivity to imatinib and other specific kinase inhibitors 

Category Subcategory

Myelodysplastic syndromes 
(MDS)

Myelodysplastic syndrome with single lineage dysplasia
Myelodysplastic syndrome with ring sideroblasts
Myelodysplastic syndrome with multilineage dysplasia
Myelodysplastic syndrome with excess blasts
Myelodysplastic syndrome with excess blasts and erythroid 
predominance
Myelodysplastic syndrome with excess blasts and fibrosis
Myelodysplastic syndrome with isolated del(5q)
Myelodysplastic syndrome, unclassifiable
Childhood myelodysplastic syndrome
Refractory cytopenia of childhood

Table 15.1 (continued)

15 Chronic Myeloid Neoplasms



238

[9–11]. Following treatment, some patients may acquire point mutations in ABL1 
which confer resistance to ABL kinase inhibitors [12]. Disease progression is asso-
ciated with clonal evolution. At the time of transformation to accelerated or blast 
phase, approximately 80% of patients show additional cytogenetic changes, includ-
ing isochromosome 17q, gains of chromosomes 8 and/ or 19, and extra copies of the 
Ph chromosome. Other alterations are reported in the transformed stages of CML, 
affecting TP53, RB1, MYC, CDKN2A, NRAS, KRAS, RUNX1, EVI1, TET2, CBL, 
ASXL1, IDH1, and IDH2 genes. Their role in transformation is not well defined 
[13, 14].

Among MPNs that are BCR-ABL1 negative, mutations affecting one of four 
genes – JAK2, MPL, CALR, and CSF3R – have been shown to induce the MPN 
phenotype [15]. Mutations in any of these genes are associated with constitutive 
activation of common downstream signaling pathways – STAT, PI3K, and MAPK – 
as outlined in Fig. 15.1. JAK2 mutations are the most important and most frequently 
occurring [16]. Although present in virtually all cases of polycythemia vera (PV), 
JAK2 mutations are not unique to this entity and are found in 50–60% of cases 
of primary myelofibrosis (PMF) and essential thrombocythemia (ET) [17]. They 
may also be present in small subsets of acute myeloid leukemia (AML), MDS, 
MDS/MPN such as chronic myelomonocytic leukemia (CMML), other myeloid 

Table 15.2 Common molecular and cytogenetic alterations associated with myeloproliferative 
neoplasms

Myeloproliferative 
neoplasms Common molecular alterations

Common cytogenetic 
abnormalities

Chronic myeloid leukemia 
(CML)

BCR-ABL1 fusions t(9, 22)(q34;q11)

Chronic neutrophilic 
leukemia (CNL)

CSF3R alone or together with SETBP or 
ASXL1

Polycythemia vera (PV) JAK2 p.V617F or JAK2 exon 12a +8, +9, 9p−, 13q−, 20q−
Primary myelofibrosis 
(PMF)

Major clonal mutations:
JAK2 (50–60%), CALR (30%), or MPL 
(8%)a

20q−, 1q+, +8, +9,
13q−, and der(6)
t(1;6) strongly 
suggestive of PMF

Essential thrombocythemia 
(ET)

Major clonal mutations:
JAK2 (50–60%), CALR (30%), or MPL 
(3%)a

+8, +9, 20q−

Chronic eosinophilic 
leukemia (CEL), NOS

No disease-specific mutation, but 
demonstration of somatic mutation 
associated with myeloid neoplasms 
provides evidence of clonalitya

+8, 7−, Iso17q,

Myeloproliferative 
neoplasm, unclassifiable 
(MPN-U)

No disease-specific mutation, but 
demonstration of somatic mutation 
associated with myeloid neoplasms 
provides evidence of clonalitya

aExamples of other mutations associated with myeloid neoplasms: ASXL1, EZH2, TET2, IDH1, 
IDH2, SRSF2, and SF3B1

M. E. Arcila and C. Ho



239

neoplasms, clonal hematopoiesis of indeterminate potential (CHIP), and even 
B-lymphoblastic leukemia (B-ALL) [18]. Of the pathogenic JAK2 mutations, the 
p.V617F mutation is by far the most common, constituting over 95% of cases. 
Variants involving other locations of JAK2 have been reported in small proportion 
of PV (JAK2 exon 12) and in B-ALL (JAK2 exon 14) [15].

Mutations in CALR occur in 20–35% of patients with ET and PMF and are 
generally mutually exclusive with JAK2 mutations, although rare exceptions do 
occur [19–21]. Known pathogenic CALR mutations are mostly insertions/dele-
tions located within exon 9, giving rise to frameshifts that alter the reading frame 
of the protein and primarily affect the C-terminal sequence. The most common 
CALR exon 9 alterations include a 52bp deletion (known in the literature as Type 
1 mutation) and a 5bp insertion (Type 2 mutation) [22]. Alterations in MPL are 
less frequent and identified in less than 10% of ET and PMF. The most common 
pathogenic mutations affect the W515 position and lead to constitutive activation 
of MPL [23–26].

Mutated CALR

MPL

Receptor 
 tyrosine kinase

AKT1

PI3K

JAK2
p p

p

p

p

p

p

p

JAK2

STAT
STAT

STAT
STAT

STAT STAT

RAS

Endoplasmic
reticulum

MEK

RAF

MAPK

EPOR, MPL, GCSFR

Transcription: survival, proliferation

Fig. 15.1 Mutations in JAK2, CALR, MPL, and CSF3R are associated with constitutive activa-
tion of common downstream signaling pathways – STAT, PI3K, and MAPK. JAK2 is a kinase 
protein that associates with the cytoplasmic portions of various membrane-bound receptors includ-
ing EPOR (receptor for erythropoietin), MPL (receptor for thrombopoietin), and G-CSFR (recep-
tor for granulocyte/macrophage colony-stimulating factor). Mutated JAK2 renders the protein 
constitutively active with subsequent downstream activation of intracellular signaling. Mutations 
in CALR lead to formation of MPL-CALR complexes in the endoplasmic reticulum which then 
travel to the cell surface. Complexing of MPL with mutated CALR or mutations in the MPL recep-
tor itself lead to constitutive activation of MPL and deregulated downstream signaling
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In addition to the major phenotypic driver mutations (CALR, JAK2, and 
MPL), there is emerging evidence of several other somatic alterations which 
may coexist and enhance the effect of the driver mutations [27]. Affected genes 
function as epigenetic regulators, transcription factors, or signaling molecules 
(including ASXL1, EZH2, TET2, IDH1/2, SRSF2, SF3B1, and others) which 
alone are not defining of any particular subtype of MPN and are common to 
other myeloid neoplasms, such as MDS and acute leukemias. Poor survival 
and increased risk of leukemic transformation correlate with increasing number 
of somatic alterations in these patient [21, 28]. Similar mutations may also be 
present in the absence of the major driver mutations, in approximately 10–20% 
of PMF and ET (so-called triple negative MPNs). Detection of these genetic 
alterations may help establish the clonal nature of the process and would facili-
tate the diagnosis of MPN, provided that other clinical and pathologic criteria 
are met.

Activating mutations in the gene encoding a granulocyte colony-stimulating 
factor (G-CSF) receptor, CSF3R, which also signals through JAK2, are strongly 
associated with chronic neutrophilic leukemia (CNL). Mutations cluster in the 
extracellular domain of the gene [29, 30] and are often identified in conjunction 
with alterations in SETBP1 or ASXL1 [29, 31]. The coexistence of ASXL1 mutations 
is associated with worse prognosis [32].

In addition to the mutations and fusions described, cytogenetic abnormalities are 
also common in MPNs. They are identified in approximately 20% of cases at the 
time of diagnosis and increase in later stages of each disease, in association with 
myelofibrosis leukemic transformation [33]. Common abnormalities are summa-
rized in Table 15.2.

 Mastocytosis

Mastocytosis is a distinct subset of hematopoietic disorders characterized by the 
abnormal growth and accumulation of mast cells (MC) in one or more organ sys-
tem. Some major subtypes include cutaneous mastocytosis (with only skin involve-
ment), systemic mastocytosis (almost always with bone marrow involvement), and 
mast cell leukemia. Clinical symptoms of the disease usually occur as a result of the 
pathologic infiltration and the release of chemical mediators in the various tissues 
affected. Acquired alterations in the KIT gene are described in a large proportion 
of patients [34, 35]. The most common mutation is the p.D816V, but other muta-
tions have also been reported. Patients with aggressive systemic mastocytosis and 
systemic mastocytosis with an associated hematologic neoplasm (SM-AHN) may 
have additional mutations in other genes commonly associated with myeloid neo-
plasms, such as TET2, SRSF2, ASXL1, CBL, RUNX1, and RAS [36–39]. Similar 
to other myeloid neoplasms, the accumulation of other mutations appears to be of 
prognostic significance [40].
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 Myeloid/Lymphoid Neoplasms with Eosinophilia and Gene 
Rearrangements

This subcategory includes three specific disease subgroups and a provisional 
entity as outlined in Table 15.1. Eosinophilia, while proclaimed a characteristic 
feature of all entities in this category, is not necessarily invariable, and classifi-
cation relies heavily on the presence of a fusion involving PDGFRA, PDGFRB, 
FGFR1, or JAK2. Importantly, however, while classification increasingly relies 
on molecular markers, the diagnosis must still be made in conjunction with 
the histomorphology and clinical and laboratory criteria, as similar fusions 
can be found in other entities as well. Clinicopathologic presentation may also 
vary widely. In addition to myeloproliferative neoplasms (MPN), patients can 
present with myelodysplastic syndrome/MPN, as well as de novo or second-
ary mixed-phenotype leukemias, making the diagnosis of these entities highly 
complex.

In addition to the diagnostic value, the accurate detection of fusions in this 
category is important for treatment and prognostic assessment. Neoplasms with 
PDGFRA- and PDGFRB-rearrangements are sensitive to the tyrosine kinase 
inhibitor imatinib and have better prognosis. In contrast, patients with FGFR1 
and JAK2 fusion TK genes exhibit a more aggressive course and variable sensi-
tivity to current TK inhibitors. Multiple fusions involving PDGFRA, PDGFRB, 
and FGFR1 have been described in the literature. The FIP1L1-PDGFRA fusion 
gene was the first fusion described for PDGFRA [41]. Seven additional fusion 
partners have also been reported, including BCR, ETV6, KIF5B, CDK5RAP2, 
STRN, TNKS2, and FOXP1 [42]. For PDGFRB, more than 30 partners have been 
reported, with ETV6 as the first described and most common partner [43]. At 
least 14 fusion partners have been reported for FGRF1, ZMYM2, CNTRL, and 
FGFR1OP are the most common [44].

Myeloid and lymphoid neoplasms associated with fusions of JAK2 partner-
ing with PCM1 share characteristic features that have justified their recent rec-
ognition as a provisional entity under the last update of the WHO classification. 
More recently, other JAK2 fusion variants involving ETV6 and BCR as part-
ners have also been reported and may be considered variants of this provisional 
entity [45].

 Myelodysplastic/Myeloproliferative Neoplasms (MDS/MPN)

This subcategory includes five disease entities with overlapping clinical and patho-
logic features of myelodysplastic and myeloproliferative neoplasms [46]. The 
marrow findings are characterized by effective proliferation of at least one hema-
topoietic lineage, as well as an ineffective proliferation of another lineage, leading 
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to the presence of both cytosis and cytopenia in different lineages in the peripheral 
blood. Most mutations reported in this category are not disease specific. To fur-
ther complicate the interpretation, many of these mutations may also be found in 
patients with CHIP and who do not meet criteria for a myeloid neoplasm. Genetic 
changes must be interpreted with caution and in the context for the clinical, labora-
tory findings, such as peripheral blood counts, and marrow and peripheral blood 
morphologic findings.

Chronic myelomonocytic leukemia (CMML) is characterized by a proliferation 
of monocytic lineage precursors, resulting in relative and absolute monocytosis in 
the peripheral blood, usually in combination with anemia and/or thrombocytopenia. 
The most common somatic mutations found in CMML include ASXL1, TET2, and 
SRSF2 [46–50]. Other less frequent mutations include those in NRAS, KRAS, CBL, 
RUNX1, and SETBP1. Although none is specific to CMML, the detection of these 
mutations in a patient may aid in the separation of CMML from other myeloid neo-
plasms with reactive monocytosis.

Atypical chronic myeloid leukemia (aCML) is characterized by proliferation of 
myeloid precursors, leading to leukocytosis with left-shifted granulocytes in the 
peripheral blood, without significant relative monocytosis, and usually in combi-
nation with anemia and/or thrombocytopenia. Mutations in ETNK1 are found in a 
significant subset of aCML cases [51] and can aid in separation from CNL, a MPN 
that is a major differential diagnosis from aCML. Mutations in SETBP1 are also 
common in aCML and are associated with an increase in white blood cell count and 
with poor prognosis [52]. The most common alterations for the MDS/MPN entities 
are summarized in Table 15.3.

Table 15.3 Common molecular alterations associated with myelodysplastic/myeloproliferative 
neoplasms

Myelodysplastic/myeloproliferative 
neoplasms Common alterations

Chronic myelomonocytic leukemia (CMML) ASXL1, TET2, SRSF2, RUNX1, NRAS, KRAS, 
CBL, SETBP1

Atypical chronic myeloid leukemia (aCML)
(BCR-ABL1 negative)

SETBP1, ETNK1

Juvenile myelomonocytic leukemia (JMML) PTPN11, KRAS, NRAS, CBL, NF1
Myelodysplastic/myeloproliferative 
neoplasms with ring sideroblasts and 
thrombocytosis (MDS/MPN-RS-T)

SF3B1 with or without JAK2 p.V617F, less 
commonly with MPL p.W515K/L

Myelodysplastic/myeloproliferative 
neoplasm, unclassifiable (MDS/MPN-U)

No disease-specific mutation, but demonstration 
of somatic mutation associated with myeloid 
neoplasms provides evidence of clonalitya

aExamples of mutations associated with myeloid neoplasms: JAK2, CALR, MPL, ASXL1, EZH2, 
TET2, IDH1, IDH2, SRSF2, and SF3B1
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 Myelodysplastic Syndrome (MDS)

Myelodysplastic syndrome is a group of myeloid neoplasms characterized by 
dysplasia in one or more of the major myeloid lineages, leading to ineffective 
hematopoiesis in corresponding marrow hematopoietic lineages, and periph-
eral cytopenias. In a significant portion of the patients, MDS is associated with 
recurrent genetic abnormalities. Genetic alterations play a critical role in the 
risk stratification of patients, together with the blast count and the degree of 
cytopenias. Both somatic mutations and cytogenetic abnormalities are common 
in MDS and, when combined, are present in over 90% of the cases. Although 
somatic mutations are not formally incorporated into the diagnostic criteria for 
MDS in the revised WHO classification (Ref: WHO, 2016), they serve as sup-
portive evidence in the proper clinical context and marrow morphologic find-
ings [1]. Despite the high prevalence of genetic alterations in these diseases, 
the diagnosis and subclassification of MDS remain challenging, due to the high 
clinical and genetic heterogeneity that is typical of this myeloid disease cat-
egory. None of the mutations involved are pathognomonic for MDS, nor present 
in more than 25% of patients. Importantly, a subset of the mutations can also 
be detected in a large proportion of healthy older individuals, a phenomenon 
known as CHIP [53, 54].

The most common somatic mutations and recurrent cytogenetics abnormalities 
associated with MDS are summarized in Table 15.4 [55–57].

At present, a definitive diagnosis of MDS in a patient with clinical cytopenia 
requires the demonstration of significant morphologic features of dysplasia in one 
or more hematopoietic cell lineage or MDS-defining cytogenetic abnormalities. 
Since morphologic dysplasia can also be seen in a variety of nonneoplastic condi-
tions, such as chemotherapy for solid malignancies, medication use, nutritional 
deficiency, chronic inflammatory/autoimmune conditions, and certain infectious 
processes, those processes must be excluded before a confident diagnosis of 
MDS can be rendered. Cytogenetic abnormalities have been fully integrated as 
part of the prognostic scoring of patients with MDS. The current comprehensive 
cytogenetic scoring system (CCSS) contains five prognostic subgroups which 
are summarized in Fig. 15.2[58]. These are further incorporated into the revised 
International Prognosis Scoring System (IPSS-R) which factors in the percent of 
bone marrow blasts and the degree of cytopenia to predict survival risk of evolu-
tion to AML (Table 15.5) [59]. For patients with normal cytogenetics and lacking 
distinctive features of dysplasia, ring sideroblasts, or increased blasts, the diag-
nosis of MDS cannot be rendered with the current diagnostic criteria, despite the 
presence of cytopenias.

Mutations in MDS are identified in numerous genes which can be divided 
into several categories based on their general function (summarized in 
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Fig.  15.3). Mutations affect genes in a defined hierarchical fashion [55–57, 
60]. Mutations in genes that encode epigenetic modifiers (DNMT3A, TET2, 
ASXL1, EZH2, etc.) or RNA splicing factors (SF3B1, U2AF1, and SRSF2), for 
example, tend to arise during the early phase of disease. Acquisition of addi-
tional mutations in genes that drive growth factor signaling pathways (NRAS, 
KRAS, PTPN11, FLT3, etc.) occurs during later stages. The accumulation of 
more somatic mutations generally correlates with worse prognosis [60–63]. 
There is also mutual exclusivity of alterations affecting genes in the same cat-
egory. Point mutations in genes coding splicing factors, for instance, rarely 
co-occur in the same patient, and similar findings have been described for the 
cohesion genes [64, 65]. Conversely, mutations in TP53 and PPM1D, which 
are frequently associated with therapy-related myeloid neoplasms, are known 
to co-occur [66].

Table 15.4 Common molecular and cytogenetic alterations associated with myelodysplastic 
syndromes

Myelodysplastic syndromes
Most common mutated 
genes

Recurrent unbalanced 
cytogenetic
abnormalities

Myelodysplastic syndrome (MDS) 
–general

ASXL1, CBL, DNMT3A, 
EZH2, IDH1, IDH2, KRAS, 
NRAS, RUNX1, SETBP1, 
STAG2, SRSF2, TET2, 
TP53, U2AF1, ZRSR2

Monosomy 5/deletion 5q
Monosomy 7/deletion 7q
Deletion 11q
Deletion 12p/translocation 
12p
Monosomy 13/deletion 13q
Iso (17q)/translocation 17p
Idic(X)(q13)
Trisomy 8a

Deletion 20qa

Loss of Chr. Ya

Complex karyotype (≥3 
abnormalities)

Myelodysplastic syndrome with 
ring sideroblasts and single 
lineage dysplasia or multilineage 
dysplasia (MDS-RS-SLD or 
MDS-RS-MLD)

SF3B1 See MDS – general above

Myelodysplastic syndrome with 
isolated del (5q)

See MDS – general above Isolated deletion 5q or 
deletion 5q in combination 
with only one other 
chromosomal abnormality 
not involving chr. 7

aThese cytogenetics abnormalities alone are insufficient for a diagnosis of MDS in the absence of 
significant morphologic dysplasia

M. E. Arcila and C. Ho



245

-Y, del(11q)

Normal, del(5q), del(12p),
del(20q), double including del(5q)

Del(7q), +8, +19, i(17q),
any other single/double clones

-7, inv(3)/t(3q)/del(3q), double -7/del(7q),
Complex (3 abnormalities)

Complex (>3 abnormalities)

Very good

Good

Intermediate

Poor

Very poor

Fig. 15.2 Comprehensive cytogenetic scoring system for myelodysplastic syndromes. Each 
patient is stratified into one of the five prognostic groups based on cytogenetics abnormalities. 
Complex cytogenetics findings (three or more distinct abnormalities) are associated with poor or 
very poor prognoses [58]

Table 15.5 International prognostic scoring system revised (IPSS-R) [59,67,68]

Risk category Risk score Median survival (years)
Very low ≤1.5 8.8
Low >1.5 but ≤3.0 5.8
Intermediate >3.0 but ≤4.5 3.0
High >4.5 but ≤6.0 1.6
Very high >6.0 0.8
Variable Score

0 0.5 1.0 1.5 2 3 4
Cytogenetics Category Very 

good
Good Intermediate Poor Very 

poor
Bone marrow blasts (%) ≤2 >2 but 

<5
5–10 >10

Absolute neutrophil count 
(109/L)

≥0.8 <0.8

Hemoglobin (g/dL) ≥10 ≥8 but 
<10

<8

Platelets (109/L) ≥100 ≥50 but 
<100

<50
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Key Points
• Recurrent structural rearrangements, copy number changes, and somatic 

mutations are frequent in essentially all lymphoma subtypes.
• Many diagnoses display complex molecular genetic aberrations beyond 

the single -hallmark reciprocal translocations that formerly were thought 
to characterize particular diagnostic lymphoma entities.

• Individual molecular genetic lesions are seldom pathognomonic for any 
individual diagnosis, but key lesions in conjunction with mutational patterns 
can be diagnostically, prognostically, and therapeutically informative.

• Mutations patterns may subdivide individual morphologic diagnostic cat-
egories, but may also show molecular genetic relatedness between mor-
phologically distinct diagnoses.
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gls/default.aspx
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 Introduction

Lymphomas encompass a diverse group of mature lymphoid neoplasms with a wide 
range of histologic and clinical presentations, etiologies, and responses to therapy 
[1]. Historically, lymphomas have been challenging to categorize. Originally, clas-
sification schema relied upon morphology, followed by immunophenotypic markers 
of cell of origin and stage of maturation categories that predominate even today [2–
4]. Yet the first genetic lesion discovered to cause tumorigenesis was in the field of 
lymphomas, the reciprocal translocation involving MYC, identified in 1958 as the 
underlying cause of Burkitt’s lymphoma [5]. Subsequently, several other reciprocal 
translocations were identified in other non-Hodgkin lymphomas (NHL), such as 
t(14;18) and t(11;14). Today, molecular genetic aberrations play a key role in diagno-
sis, prognosis, and therapy selection in NHL and are increasingly informing our 
understanding of the underlying biology that differentiates the many diagnostic enti-
ties within the lymphomas.

 Recurrent Molecular Aberrancies in B-Cell Neoplasms

 Hodgkin Lymphoma (HL)

Hodgkin lymphoma is a B-cell-derived malignancy that bimodally affects young 
adults and the elderly. These tumors can be broadly divided into classic Hodgkin 
lymphoma (CHL) and nodular lymphocyte predominant Hodgkin lymphoma 
(NLPHL), each with distinct clinical and morphologic features [6]. The former 
accounts for 95% of cases of HL. Both subtypes are histologically characterized by 
the presence of only a small number of neoplastic large atypical mononucleated and 
multinucleated (designated Hodgkin and Reed–Sternberg cells or lymphocyte pre-
dominant cells) of germinal center B-cell origin embedded in an abundant and het-
erogeneous mixture of nonneoplastic inflammatory cells. Recurrent genetic 
alterations involving the NF-kB and JAK-STAT signaling pathways are common to 
both subtypes of HL, and diverse genetic mechanisms of immune evasion typify the 
genomes of the malignant HRS cells (Tables 16.1, 16.2, and 16.3; Fig. 16.1). By 

Atlas of Genetics and Cytogenetics has a non-Hodgkin lymphoma page 
that is focused on larger structural aberrations. cBioPortal.org can be searched 
for lymphoma somatic mutations. The NCCN guidelines have a very limited 
view on molecular genetic testing, but what little there is, is incorporated into 
clinical therapy decision-making.
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Table 16.1 Frequent structural variants in HL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

CIITA rearrangements Leads to downregulation of MHC 
class II expression

15% [48]

IGH rearrangements Rearrangements involve diverse 
proto-oncogenes (BCL6, BCL3, 
BCL2, REL, MYC) likely leading to 
overexpression

10% [49]

t(4;9)
(q21;p24)/SEC31A- 
JAK2

Leads to constitutive JAK-STAT 
pathway activation

1% Sensitive to 
JAK inhibitors 
in vitro

[50]

Table 16.2 Frequent copy number alterations in HL

Copy 
number 
change

Gene(s) 
involved Frequency Clinical utility Refs

2p gain REL 28–54% [51–53]
4q loss 7–25% [51–53]
6q loss 5–30% [51–53]
9p gain PD-L1/2, 

JAK2
24–40% Response to PD-L1 inhibitor therapy is 

largely independent of PD-L1 
expression or amplification

[51–53]

11q loss 3–25% [51–53]
12q gain MDM2 37–40% [51–53]
13q loss 22–35% [51–53]
14q gain 7–30% [51–53]
16p gain ABCC1 24–30% Increased ABCC1 expression associated 

with risk of refractory disease or early 
relapse

[51–53]

17p gain 25–40% [51–53]
17q gain MAP3K14 20–70% [51–53]
20q gain CD40 15–23% [51–53]

contrast, NLPHL does not show inactivating TNFAIP3 or NFKBIA mutations, 
instead harboring frequent BCL6 gene rearrangements (35%) [6].

 Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma 
(CLL/SLL)

CLL/SLL is the most common adult chronic leukemia in Western countries. The 
majority of patients present with leukemic disease (CLL), and isolated lymphoma-
tous involvement is uncommon (SLL). Although this is generally considered to be 
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Table 16.3 Frequent somatic variants in HL

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical utility 
(diagnostic/
prognostic) Refs

NF-κB 
signaling

TNFAIP3 Negative regulator 
of NF-κB 
signaling

Loss of function 
mutations

22–40% [54–
56]

NFKBIA Negative regulator 
of NF-κB 
signaling

Loss of function 
mutations

15% [57]

NFKBIE Negative regulator 
of NF-kB 
signaling

Loss of function 
mutations

15% [58]

Cell cycle 
regulation/
DNA repair

TP53 Tumor suppressor Loss of function 
mutations

10% [59]

Apoptosis CD95 Death receptor Loss of function 
mutations

10% [60, 
61]

JAK/STAT SOCS1 Negative regulator 
of JAK-STAT 
signaling; 
mutations likely 
lead to loss of 
function

Missense 
mutations 
involving the 
SH3 domain 
and truncating 
mutations 
involving the 
JAK kinase 
domain

40–60% Also identified 
in NLPHL, 
poor prognosis

[56, 
62, 
63]

STAT6 STAT family 
transcription 
factor

Activating 
missense 
mutations 
within 
DNA-binding 
domain

30% [64]

PTPN1 Negative regulator 
of JAK-STAT 
signaling; 
mutations lead to 
loss of function 
and activation of 
JAK-STAT 
signaling

Missense and 
truncating 
mutations

20% [65]

Nuclear 
export

XPO1 Importin-beta- 
superfamily of 
nuclear export 
proteins

Hotspot 
missense 
mutation 
(p.E571K)

25% Can be detected 
in plasma, 
potential role in 
minimal 
residual disease 
monitoring

[66]

Immune 
evasion

B2M Component of 
MHC class I

Loss of function 
mutations

70% [56]
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an indolent disease, this is significant heterogeneity in clinical outcomes [6]. A 
small subset of tumors can progress into more aggressive disease, such as diffuse 
large B-cell lymphoma or Hodgkin lymphoma (less common). A large proportion 
of cases show recurrent genetic alterations that have powerful prognostic and pre-
dictive value. While reciprocal translocations are not recurrent in CLL, there are 
frequent copy number alterations and somatic variants (Tables 16.4 and 16.5; 
Fig. 16.2) [1, 6].

Resistance Mutations to Ibrutinib Therapy Ibrutinib, a Bruton’s tyrosine kinase 
(BTK) inhibitor, has transformed the treatment of relapsed/refractory CLL. As its 
use has become widespread in the community, resistance to this therapy is increas-
ingly being appreciated in a subset of patients. Some of these patients have been 
found to carry mutations involving the B-cell receptor signaling pathway that confer 
resistance to ibrutinib therapy (Table 16.6).

Fig. 16.1  Overview of molecular alterations in classic Hodgkin lymphoma. Pathways implicated 
in Hodgkin lymphoma include the STAT6 pathways and NF-κB pathway
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Table 16.4 Frequent copy number alterations in CLL

Copy number 
change

Gene(s) 
involved Frequency Clinical utility Refs

13q14 loss 50–60% Good prognosis [67]
11q22-23 
loss

ATM 17% Poor prognosis [68–
70]

17p13 loss TP53 8% Poor prognosis, predicts resistance to 
fludarabine therapy

[70]

Trisomy 12 20% Intermediate prognosis, associated with 
atypical morphologic features and CD11c 
expression

[70, 
71]

 Mantle Cell Lymphoma (MCL)

MCL is a CD5-positive mature B-cell neoplasm characterized by the hallmark 
reciprocal translocation involving IGH and CCND1 (t(11;14)), resulting in overex-
pression for cyclin D1 (Table 16.7). Rarely, in cases that are negative for t(11;14), 
variant translocations involving light chains or CCND2 or CCND3 may be observed 
(Table16.7). Among the small B-cell lymphomas, MCL has a relatively more 
aggressive disease course with shorter overall survival, and morphologic variants, 
such as the pleomorphic and blastoid variants, may predict an even poorer progno-
sis. Other molecular genetic changes affect a wide range of pathways (Tables 16.8 
and 16.9; Fig. 16.2) [1, 6].

 Extranodal Marginal Zone Lymphoma (Extranodal MZL, 
Mucosa-Associated Lymphoid Tissue Lymphoma, MALT)

MZLs can be divided into three distinct entities that show different clinical, patho-
logic, and molecular genetic features: extranodal MZL of mucosa-associated lym-
phoid tissue (MALT lymphomas), nodal MZL, and splenic MZL. MALT lymphomas 
are the most common among the MZLs. While the three entities show highly con-
vergent genetic alterations involving similar pathways, there are also key differ-
ences (Table  16.10; Fig.  16.3). For example, MALT lymphomas are frequently 
driven by reciprocal translocations culminating in NF-κB pathway activation unlike 
nodal and splenic MZL, wherein such rearrangements are uncommon but where 
copy number alterations (especially in splenic MZL) are more frequent (Table 16.11). 
Several genes in the NF-κB pathway are also recurrently mutated in MZLs 
(Table 16.12; Fig. 16.2) [1, 6].
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Fig. 16.2 Overview of molecular alterations in mature B-cell lymphomas with a focus on small 
B-cell lymphomas. Genes that are recurrently mutated are depicted with bold outlines. Key path-
ways are color coded and disease commonly associated with the pathways are noted. From left to 
right and top to bottom, the signaling pathways include Notch signaling, JAK-STAT signaling, 
B-cell receptor and inflammatory signaling, immune evasion signaling, chromatin modifiers, DNA 
damage and cell cycling, and RNA processing. Abbreviations: MZL marginal zone lymphoma, 
DLBCL diffuse large B-cell lymphoma, MCL mantle cell lymphoma, CLL chronic lymphocytic 
leukemia, LPL lymphoplasmacytic lymphoma, PMBCL primary mediastinal B-cell lymphoma, 
FL follicular lymphoma, HCL hairy cell lymphoma

Table 16.6 Frequent resistance mutations in CLL patients on ibrutinib

Pathway Gene Description
Most common mutations 
reported Refs

BCR 
signaling

BTK Mutations result in reversible 
inhibition by ibrutinib

Missense mutations at 
ibrutinib-binding site 
(p.C481S)

[83, 
84]

PLCG2 Activating mutations result in 
activation of BCR signaling in a 
BTK-independent manner

GOF [84, 
85]
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Table 16.7 Frequent structural variants in MCL

Rearrangement/gene 
partners Description Frequency

Clinical 
utility Refs

t(11;14)
(q13;q32)/CCND1-IGH

Leads to overexpression of 
cyclin D proteins

90–99% Diagnostic [86, 87]

t(2;11)
(p11;q13)/CCND1-IGK

<1% [87]

t(11;22)
(q13;q11)/CCND1-IGL

<1% [87]

t(12;14)
(p13;q32)/CCND2-IGH

<1% [87]

t(2;12)
(p11;p13)/CCND2-IGK

<1% [87]

t(12;22)
(p13;q21)/CCND2-IGL

<1% [87]

t(6;14)
(p21;q32)/CCND3-IGH

<1% [87]

Table 16.8 Frequent copy number alterations in MCL

Copy number 
change

Gene(s) 
involved Frequency Clinical utility Refs

9p21.3 loss CDKN2A/B 20–30% Associated with blastoid and 
pleomorphic morphology

[87–91]

3q gain 32–70% Associated with blastoid and 
pleomorphic morphology

[87–91]

7p gain 5–27% Associated with blastoid and 
pleomorphic morphology

[87–91]

8q gain MYC 10–32% [87–91]
12q gain CDK4 5–30% Associated with blastoid and 

pleomorphic morphology
[87–91]

15q gain 4–26% [87–91]
18q gain BCL2 7–26% [87–91]
1p loss CDKN2C/

FAF1
24–52% [87–91]

6q loss TNGAIP3/
LATS1

13–37% [87–91]

8p loss MCPH1 7–79% [87–91]
9q loss 5–21% [87–91]
10p loss 3–18% [87–91]
11q loss ATM, BIRC3 19–37% [87–91]
13q loss RB1 17–70% [87–91]
17p loss TP53 4–30% Associated with blastoid and 

pleomorphic morphology
[87–91]
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Table 16.10 Frequent structural variants in MZL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

t(11;18)(q22;q21)/BIRC3 
(API2)-MALT1

Leads to loss of RING 
domain of BIRC3 while 
keeping BIR domains intact 
leading to BCR-independent 
dimerization and loss of 
ubiquitination of BCL10 
resulting in activation of 
NF-κB signaling

15–50% More associated 
with GI and 
pulmonary 
MALT

[97, 
98]

t(1;14)
(p22;q32)/BCL10-IGH

Leads to overexpression of 
BCL10 under the control of 
the IGH enhancer resulting in 
NF-kB activation

1–2% More associated 
with GI and 
pulmonary 
MALT

[97, 
98]

t(14;18)
(q32;q21)/IGH-MALT1

Leads to overexpression of 
MALT under the control of 
the IGH enhancer resulting in 
NF-κB activation

15–20% More associated 
with ocular, 
salivary gland, 
thyroid, and 
cutaneous MALT

[99]

t(3;14)
(p14.1;q32)/FOXP1-IGH

Leads to overexpression of 
FOXP1 under the control of 
the IGH enhancer

10% More associated 
with ocular, 
salivary gland, 
thyroid, and 
cutaneous MALT

[100]

Fig. 16.3 Overview of molecular alterations in extranodal marginal zone lymphoma. Recurrent 
translocations, their protein consequences, and common sites of disease are shown
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 Lymphoplasmacytic Lymphoma/Waldenström 
Macroglobulinemia (LPL/WM)

Lymphoplasmacytic lymphoma (LPL) is an uncommon B-cell neoplasm of mature 
adults with generally an indolent course (median survival 10 years), accounting 
for approximately 2% of NHLs [2, 7, 8]. LPL is associated with the clinical pre-
sentation of WM, defined as LPL with BM involvement and typically an IgM 
monoclonal gammopathy. Although 18% of patients with LPL have a first-degree 
relative with a B-cell lymphoproliferative disorder, no familial predisposition 
mutations have been identified at this time [9]. Copy number alterations and 
somatic variants are commonly used to distinguish LPL from other entities in the 
differential diagnosis, including marginal zone lymphoma and IgM myeloma 
(Tables 16.13 and 16.14; Fig.  16.2). The MYD88 p.L265P variant is found in 
greater than 90% of cases of LPL and predicts response to the BTK inhibitor, 
ibrutinib, which can be mitigated by co-occurring mutations in CXCR4 [10–14]. 
Translocations are rare in LPL.

 Hairy Cell Leukemia (HCL)

HCL is a rare mature B-cell neoplasm with predominant leukemic presentation 
and indolent course that affects predominantly middle-aged to older males. The 
disease is often accompanied by cytopenias (especially monocytopenia), bone 
marrow fibrosis, and involvement of the splenic red pulp [2]. Up to 10% of cases 
of HCL show variant clinical presentation (typically leukocytosis rather than 
cytopenias), morphology, and immunophenotype. These cases do not respond 
well to traditional therapies for HCL (e.g., purine analogues such as cladribine 

Table 16.11 Frequent copy number alterations in MZL

Copy number 
change

Gene(s) 
involved Frequency Clinical utility Refs

MALT NMZL SMZL

Trisomy 3 25–30% 25% 20% [101, 102]
Trisomy 18 20% 25% 15% [101, 102]
Trisomy 12 10% 10% 10% [101, 102]
7q deletion Rare Rare 25–30% [101, 102]
6q23 deletion 15% 15% Rare [101–103]
17p deletion TP53 Rare Rare 17% [101, 102]
8p deletion Rare Rare 13% Combination of del 8p 

and 17p predicts poor 
prognosis

[101, 102]
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and pentostatin), and are provisionally classified as “hairy cell leukemia variant” 
(HCLv) [2]. Although recurrent copy number alterations are identified 
(Table 16.15), the presence of a BRAF p.V600E mutation is 98–100% sensitive 
for classical HCL and is also highly specific since the mutation has not been iden-
tified in entities typically on the differential diagnosis of HCL, such as splenic 
marginal zone lymphoma, hairy cell leukemia variant, and splenic diffuse red 
pulp small B-cell lymphoma (Table 16.16; Fig. 16.2) [15–18]. BRAF inhibitors 
have been demonstrated to rapidly induce durable remission in relapsed/refrac-
tory HCL, with response rates of 96–100% in clinical trials [19]. In contrast to 
classical HCL, HCLv involves activating mutations of MAP2K1 in 42% of cases, 
mutually exclusive of BRAF p.V600E [20].

 Follicular Lymphoma (FL)

FL is the second most common B-cell lymphoma, found primarily in adults and 
accounting for approximately 20% of all lymphomas [2]. FL subtypes are broken out 
based upon clinical behavior, including primary cutaneous FL, pediatric-type FL, and 
FL of specific extranodal sites, such as the duodenum or testes. FL may transform to a 
more aggressive lymphoma in 25–35% of cases, typically a diffuse large B-cell lym-
phoma (DLBCL) [2]. The IGH-BCL2 translocation, t(14;18)(q32,q21), is found in 
approximately 85–90% of cases of FL, but is not specific as it is also found in 20–25% 
of de novo DLBCLs (not transformed from a known prior FL), occasional cases of 
CLL, and rarely in other lymphomas (Table 16.17) [21–26]. Copy number alterations 
are also not specific (Table 16.18). Epigenetic genes, especially histone modifiers, are 
recurrently mutated in FL with inactivating mutations of KMT2D found in more than 
80% of cases (Table 16.19, Fig. 16.2) [27–29]. An integrated clinicogenetic profile has 
been incorporated into the modified Follicular Lymphoma International Prognostic 
Index, including mutational status of seven key genes (m7-FLIPI) [30].

Table 16.13 Frequent copy number alterations in LPL

Copy number change Gene(s) involved Frequency Clinical Utility Refs

del(6q) 50% poor prognosis [115–117]
 Trisomy 4 20% [118]
Gain 3q [119, 120]
Gain 8q [119, 120]
Gain 18 [119, 120]
Gain Xq [119, 120]
Loss 11q23 [119, 120]
Loss 13q14 [119, 120]
Loss 17p TP53 [119, 120]
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Table 16.14 Frequent somatic variants in LPL

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility Refs

Signaling MYD88 Essential 
cytosolic adapter 
protein in 
Toll-like 
receptor and 
interleukin-1 
signaling; 
constitutive 
activation of 
NF-κB signaling

Predominantly 
p.L265P

>90% diagnostic, 
sensitivity 
to ibrutinib

[121]

CXCR4 Prolonged 
signaling 
through CXCR4

Nonsense 
mutation that 
truncates last 
15–20 amino 
acids or 
frameshift 
mutations in the 
terminal 44 
amino acids

27–36% decreases 
sensitivity 
to ibrutinib

[13, 
14]

CD79B B-cell receptor 
complex

<10% [13]

TRAF2 TNF receptor- 
associated factor 
(TRAF) protein 
family

<10% [13]
TRAF3 <10% [13]

NOTCH2 Notch family 
receptor

Truncating 
PEST domain 
mutations, 
resulting in 
activation

<10% [13]

Chromatin 
modification

ARID1A SWI/SWF 
family

17% [13]

Cell cycling, 
DNA repair

TP53 Tumor 
suppressor

Loss of 
function 
mutations

<10% [13]

Transcriptional 
regulator

MYBBP1A Transcriptional 
regulator 
through 
interaction with 
MYB

<10% [13]

Mucin MUC16 <10% [13]
Gene 
rearrangement

RAG2 <10% [13]
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Table 16.15 Frequent copy number alterations in HCL

Copy number change Gene(s) involved Frequency Clinical Utility Refs

Gains of 5 20% [122–124]
Loss 7q 10% [122–124]

Table 16.16 Frequent somatic variants in HCL

Pathway Gene Description
Most common 
mutations reported Frequency Clinical utility Refs

Signaling BRAF RAS/RAF/
MAPK 
signaling

p.V600E 98–100% diagnostic, 
targetable

[15]

MAP2K1 MAPK 
signaling

Activating missense 
hot spots in the kinase 
domain (including p.
C121S) and negative 
regulatory domain

rare More common 
in HCLv (42%) 
associated with 
IGHV4-34 in 
HCLv and 
rarely in HCL

[20, 
125]

Table 16.17 Frequent structural variants in FL

Rearrangement/
gene partners Description Frequency

Clinical 
utility Refs

t(14;18) 
(IGH-BCL2)

Overexpression of 
BCL2;MBR (50–70%); 
mcr (5–15%); icr (~13%)

85–90% Diagnosis [21, 26, 
126, 
127]

BCL6 (3q27) 
rearrangements

overexpression of BCL6; 
numerous partners

Seen only in FL grade 
3 lymphomas that are 
negative for t(14;18)

Prognosis [128–
131]

Legend: MBR major breakpoint region, mcr minor cluster region; icr intermediate cluster region

Table 16.18 Frequent copy number alterations in FL

Copy number 
change Gene(s) involved Frequency Clinical utility Refs

Loss 1p36 TNFRSF14 [132]
Loss 6q PRDM1, FOXO3, 

TNFAIP3, TMEM30A
Poor prognosis [132–134]

Gain 7 [132]
Gain 18 [132]
Gain X [132]
Loss 17p13 TP53 Poor prognosis [132–134]
Loss 9p21.3 CDKN2A/B, MLLT3 Poor prognosis [132–134]
Loss of LOH 
1p16

Associated with 
diffuse FL

[135, 136]
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Table 16.19 Frequent somatic variants in FL

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility Refs

Chromatin 
modification

KMT2D Histone 
methyltransferase

Loss of 
function 
mutations

80% [28]

CREBBP Histone 
acetyltransferase

Truncating 
mutations

33% m7-FLIPI 
prognostic, 
progression

[27–
30, 
132, 
137]

EZH2 Polycomb group 
of transcriptional 
repressors

Truncating and 
missense 
mutations 
within SET 
domain

27% m7-FLIPI 
prognostic, 
progression

[27–
30, 
132, 
137]

EP300 Histone 
acetyltransferase

Predominantly 
missense 
mutations in 
the HAT 
domain

9% m7-FLIPI 
prognostic

[27–
30]

ARID1A SWI/SWF family Loss of 
function

m7-FLIPI 
prognostic

[30]

BCL7A Tumor suppressor Loss of 
function

[30]

TNFRSF14 TNF receptor 
superfamily 
member

Truncating 
mutations

19–46% 
(29% 
PTNFL)

Poor 
prognosis, 
pediatric 
FL 
diagnosis

[30, 
138]

CARD11 NF-κB signaling Predominantly 
missense 
mutations 
throughout the 
gene

m7-FLIPI 
prognostic

[30]

Signaling MAP2K1 MAPK signaling Activating 
missense hot 
spots in the 
kinase domain 
(including 
p.C121S) and 
negative 
regulatory 
domain

10–40% Pediatric 
FL 
diagnosis

[138]

MAPK1 MAPK signaling Activating 
mutations

<10% pediatric 
FL 
diagnosis

[138]

RRAS RAS/RAF/
MAPK pathway

Activating 
mutations

<5% pediatric 
FL 
diagnosis

[138]

(continued)
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Table 16.19 (continued)

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility Refs

Transcription MEF2B Transcriptional 
activator

Predominantly 
N-terminal 
missense 
mutations

15% m7-FLIPI 
prognostic, 
progression

[27–
30, 
132, 
137]

FOXP1 Forkhead 
transcription 
factor family

Predominantly 
missense 
mutations

m7-FLIPI 
prognostic

[30]

Cell cycling, 
DNA repair

CDKN2A Inhibitor of 
CDK4 kinase, 
stabilizes p53

Deletion/loss 
of function 
mutations

Progression [30, 
139]

CDKN2B Inhibitor of 
CDK4 kinase

Deletion/loss 
of function 
mutations

Progression [30, 
139]

MYC Transcription 
factor regulating 
cell cycle 
progression, 
apoptosis, and 
cellular 
transformation

Gain of 
function, 
overexpression

Progression [132]

TP53 Tumor suppressor Loss of 
function 
mutations

Progression [30, 
132]

Cell death BCL2 Anti-apoptosis Gain of 
function

Progression [132, 
137]

Immune 
modulators

B2M Component of 
MHC class I

Loss of 
function 
mutations

Progression [132]

HLA Regulation of 
immune response

Progression [132]

CD58 mediates 
complement 
effect on cells

Progression [132]

IRF8 Transcription 
factor in the 
interferon 
pathway

Missense 
mutations in 
the IRF 
domain and 
C-terminal 
truncating 
mutations

10–50% Pediatric 
FL 
diagnosis

[138]

Legend: m7-FLIPI, Follicular Lymphoma International Prognostic Index, including seven mutated 
genes
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 Diffuse Large B-Cell Lymphoma (DLBCL) and Other High- 
Grade B-Cell Lymphomas (HGBCL)

DLBCL, NOS, is the most common adult lymphoma and accounts for 30–40% of 
cases of NHL [2]. Although there is marked heterogeneity in the clinical presenta-
tion and outcomes, recent molecular profiling efforts have identified new molecu-
larly defined subdivisions [31, 32] that cross or refine many of the former 
immunophenotypic and transcriptional profiling-based cell-of-origin (COO) as well 
as genetic categories. COO categories were originally defined by gene expression 
profiling that identified (1) a germinal center B-cell-like subtype (GCB DLBCLs), 
(2) activated B-cell-like (ABC-like) subtype, and (3) a “type 3” category that does 
not cluster with either the GCB or ABC groups [33–36]. This distinction is of prog-
nostic significance since GCB DLBCL has a five-year overall survival of 60%, 
while ABC DLBCL has only a 35% five-year overall survival [34, 37]. Two recent 
studies have identified several molecularly defined subgroups of DLBCL that fur-
ther stratify prognosis, even within the ABC and GCB categories (Tables 16.20, 
16.21, and 16.22; Figs. 16.2 and 16.4) [31, 32].

Table 16.20 Frequent structural variants in DLBCL

Rearrangement/
gene partners Description Frequency Clinical utility Refs

BCL6 (3q27) 
rearrangements

Overexpression of BCL6; 20 
different partners (57% with Ig 
genes). MBR (region 
encompassing 5′ flanking 
region, first noncoding exon, 
and first intron)

19–45% Most common in GCB 
lymphomas which 
carry a better 
prognosis, but can be 
seen in non-GCB 
DLBCL (Cluster 1)

[32, 
140, 
141]

t(14;18) Overexpression of BCL2; 
MBR (50–70%); mcr (5–15%); 
icr (~13%), with IGH enhancer 
in 97% of cases

21% Diagnosis, prognosis, 
EZB, Cluster 3 
(FL-like, a/w worse 
prog within GCB)

[31, 
32, 
140, 
141]

BCL10 
rearrangements

Overexpression of BCL10 in 
the NFκB pathway

18% Diagnosis, prognosis [140, 
141]

MYC 
rearrangements

Overexpression of MYC; 
multiple partners (58% with Ig 
genes)

8–16% Diagnosis, poor 
prognosis with TP53 
mutations, and as part 
of double- or triple-hit 
lymphomas

[32, 
140, 
141]

t(2;17)(p23;q23) CLTC-ALK fusion Diagnosis of ALK+ 
DLBCL

(continued)
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Table 16.21 Frequent copy number alterations in DLBCL

Copy number change Gene(s) involved Frequency Clinical utility Refs

17p13 Deletion (TP53) 24% Cluster 2 (poor prog) [32]
13q14.2 Deletion (RB1) 7% Cluster 2 (poor prog) [32]
9p21.13 Deletion 

(CDKN2A/B)
35–50% Cluster 2 (poor prog) [27, 

142]
Numerous changes, often 
associated with loci where 
there are concomitant 
mutations or 
rearrangements

Cluster 2 (poor prog) [32]

18q21.33 Gain (BCL2) 5% Cluster 5 (a/w extranodal 
dz), independent poor prog 
in multivariante analysis

[32]

Loss 10q23.31 Loss PTEN 8% GCB, Cluster 3 (FL-like, 
a/w worse prog within 
GCB)

[32]

2p16.1 Gain/amplification 
REL

15% GCB, EZB [31]

13q31.3 Gain/amplification 
(miR-17-92)

9% Cluster 2, EZB, 
independent poor prog in 
multivariate analysis

[31, 
32]

13q14.2 Loss miR-15/16, 
RB1

14% Cluster 2 [32]

1q42.12 Loss 8% Independent poor prog in 
multivariate analysis

[32]

18p Gain 23% Independent poor prog in 
multivariante analysis

[32]

Rearrangement/
gene partners Description Frequency Clinical utility Refs

PDL1, PDL2 
rearrangements

9p24.1 5% ABC, Cluster 1 
(MZL-like, better 
prognosis within ABC)

[32]

TBL1XR1 
rearrangements

Component of SMR T-CoR 
transcriptional co-repressor

4% [32]

TP63 
rearrangements

p63 is a p53 tumor suppressor 
family member

3% [32]

CIITA 
rearrangements

Transcriptional activator of 
MHC class II genes

3% [32]

ETV6 
rearrangements

ETS family transcription factor 2% [32]

Table 16.20 (continued)
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Fig. 16.4  Overview of molecular alterations in diffuse large B-cell lymphoma. Somatic muta-
tions, rearrangements, and copy number alterations are categorized into color-coded groups by cell 
of origin and prognostic subgroups. Subgroups (left to right) include signaling through the Notch 
pathway, p53, MYD88, and CD79A and NF-κB pathway, PTEN/AKT pathways, chromatin modi-
fiers, JAK-STAT pathway, and immune evasion pathway. Abbreviations: GCB germinal center 
B-cell, ABC activated B-cell, C1 cluster 1, C2 cluster 2, C3 cluster 3, C4 cluster 4, C5 cluster 5, 
BN2 group characterized by BCL6 and NOTCH2 mutations, N1 group characterized by NOTCH1 
mutations, MCD group characterized by MYD88 and CD79A mutations, EZB group characterized 
by EZH2 and BCL2 mutations

 Burkitt’s Lymphoma (BL)

BL is a highly aggressive B-cell neoplasm that can manifest as one of the three 
subtypes that have different epidemiologic and molecular bases while related by 
their common dependence upon MYC dysregulation [2]. The endemic variant of BL 
is prevalent in young children of equatorial Africa, associated in approximately 
95% of cases with Epstein-Barr virus (EBV) [5]. Sporadic BL is found predomi-
nantly in adolescents and young adults of Western countries, with less frequent 
association with EBV in 5–30% of cases [2, 38, 39]. Immunodeficiency-associated 
BL is the third biologic subtype, often associated with human immunodeficiency 
virus (HIV) and, in approximately 25–40% of cases, with clonal EBV as well [40, 
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41]. The t(8;14)(q24;q32), juxtaposing MYC with the IGH locus, can be identified 
in 80% of all BL and results in the overexpression of MYC (Table 16.23), albeit with 
different breakpoints in IGH and MYC depending on the subtype [42, 43]. The 
remaining cases of BL place MYC under the regulation of one of the light chains 
(Table 16.23) [44, 45]. In addition to classic BL, there is a subset of B-cell lympho-
mas that resemble BL morphologically, but lack MYC rearrangement and instead 
have mixed centromeric gains and telomeric losses on 11q (Table 16.24). These 
“Burkitt-like lymphomas with 11q aberration” appear more frequently in the post-
transplant setting with less MYC expression and greater cytologic pleomorphism 
and karyotypic complexity [6, 46, 47]. Somatic variants recurrently affect the TCF3 
pathway (Table 16.25 and Fig. 16.2).

Table 16.23 Frequent structural variants in BL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

t(8;14) Overexpression of 
MYC

80% Endemic (JH), 
sporadic (switch 
region)

[42, 43, 
147–150]

t(2;8) Overexpression of 
MYC

[44, 45]

t(8;22) Overexpression of 
MYC

[44, 45]

Table 16.24 Frequent copy number alterations in BL

Copy number 
change

Gene(s) 
involved Frequency Clinical utility Refs

11q centromeric gains, 
telomeric losses

Diagnostic for provisional 
Burkitt-like with 11q

[46, 
47]

Table 16.25 Frequent somatic variants in BL

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility Refs

TCF3 
pathway

TCF3 Master B-cell 
transcriptional 
regulator

Gain of function 23% [151–
153]

CCND3 Downstream target 
of TCF3, involved in 
cell cycling

Gain of function 
mutations 
(truncating or 
missense) in the 
C-terminus

38% [151–
153]

ID3 Negative 
transcriptional 
regulator of TCF3

Loss of function 68% [151–
153]
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 Recurrent Molecular Aberrancies in T-Cell Neoplasms

 Angioimmunoblastic T-Cell Lymphoma (AITL) and Other Nodal 
T-Cell Lymphomas with T-Follicular Helper (TFH) Phenotype

AITL is an EBV-associated peripheral T-cell lymphoma that usually affects older 
adults with nodal involvement, often presenting with prominent and protean sys-
temic manifestations (e.g., cold agglutinin disease with hemolytic anemia, poly-
clonal hypergammaglobulinemia). The putative cell of origin of this neoplasm is a 
CD4+ T-follicular helper cell (TFH), based on the observation that the neoplastic 
T-cells uniformly show expression of markers of TFH differentiation (PD-1, CD10, 
BCL-6, CXCL13, ICOS). Recurrent cytogenetic and molecular findings target 
T-cell stimulatory pathways (Tables 16.26, 16.27, and 16.28, Fig. 16.5) [1, 6].

 Anaplastic Large-Cell Lymphoma (ALCL)

ALCL is a predominantly nodal T-cell lymphoma that is histologically character-
ized by a proliferation of large anaplastic cells that show strong CD30 expression. 
These tumors can be classified into two distinct entities based on the presence of 

Table 16.26 Frequent structural variants in AITL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

CTLA4-CD28 Likely the result of partial 
gene duplication; fusion 
protein consists of the 
extracellular domain of 
CTLA4 and the cytoplasmic 
region of CD28, likely 
capable of transforming 
inhibitory signals into 
stimulatory signals for 
T-cell activation

58% Potential target for 
anti-CTLA4 
Immunotherapy

[154]

t(5;9)(q33;q22) 
(ITK-SYK)

Both ITK and SYK are 
involved in normal 
antigen-induced lymphocyte 
activation. Fusion protein 
joins the Pleckstrin 
homology (PHD) and TEC 
homology domains (THD) 
of ITK with the SYK kinase 
domain leading to 
ligand-independent 
constitutive antigen receptor 
signaling

Rare Confers sensitivity 
to SYK inhibitors

[155, 
156]
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an ALK rearrangement (ALK+ ALCL and ALK− ALCL) (Table 16.29). These 
two entities have widely different clinical and prognostic features as well as 
molecular underpinnings, although both involve some level of signaling through 
the JAK- STAT pathway (Tables 16.30 and 16.31, Fig. 16.5) [1, 6]. ALK+ ALCL 
is more common in the young adult population, is highly chemosensitive, and has 
a relatively favorable prognosis (five-year survival, 80–90%). ALK-negative 
ALCL is more common in older adults and has a less favorable prognosis (five-
year survival, 36%) [6].

 Peripheral T-Cell Lymphoma, Not Otherwise Specified (PTCL, 
NOS)

The PTCL, NOS category includes a clinically and biologically heterogeneous 
group of T-cell neoplasms that do not meet diagnostic criteria for another WHO- 
defined category [6]. Therefore, the diagnosis is one of exclusion. The tumors that 
fall into this category do not appear to harbor specific cytogenetic or molecular 
genetic alterations, although there is some molecular overlap with AITL (Tables 
16.32, 16.33, and 16.34, Fig. 16.5) [1, 6].

Table 16.27 Frequent copy number alterations in AITL

Copy number change Gene(s) involved Frequency Clinical utility Refs

Trisomy 7 8% [157]
Trisomy 5 15–41% Poor prognosis [157–159]
Trisomy 3 27% [158]
Trisomy 21 41% [158]
Trisomy 19 15% [160]
9p23 amplification 60% [159]
8q24.11 amplification 22% [159]
6q loss 23% [158]
5q gain 55% [158]
3q loss 10% [159]
3q gain 36% [158]
22q gain 23% [161]
19q13.43 amplification 32% [159]
13q22.3 gain MYCBP2 36% Poor prognosis [159]
13q loss 23% [158]
11q13 gain CCND1, GSTP1 13% [158]
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 T-Cell Large Granular Lymphocytic (T-LGL) Leukemia

T-LGL leukemia is an indolent disorder of clonal circulating cytotoxic T-cells often 
associated with cytopenias (neutropenia or severe anemia, the latter a result of pure 
red cell aplasia). Associations with autoimmune diseases, such as rheumatoid arthri-
tis, are well established. However, making a diagnosis of T-LGL leukemia is chal-
lenging because the differential diagnosis of an expanded population of LGLs is 
quite broad. Transient T-LGL expansions can be seen in the setting of allogeneic 
transplant setting, autoimmune disease, viral illness, and even as a response to an 
underlying B-cell neoplasm. Moreover, demonstration of clonality by TCR gene 

Fig. 16.5  Overview of recurrent molecular alterations in mature T-cell neoplasms. Somatic muta-
tions, rearrangements, and copy number alterations across a wide variety of T-cell lymphomas 
converge on a limited set of pathways highlighted in this figure: T-cell receptor signaling, T-cell 
co-stimulatory signaling pathways, JAK-STAT signaling, DNA damage/cell cycle regulation, epi-
genetic regulation, and Notch signaling. Genes that are recurrently mutated in T-cell neoplasms are 
depicted with bold outlines. If a specific genetic alteration is relatively specific for a T-cell lym-
phoma entity, the respective T-cell lymphoma category is indicated next to the gene. Abbreviations: 
AITL angioimmunoblastic T-cell lymphoma, ATLL adult T-cell leukemia/lymphoma, PTCL, NOS 
peripheral T-cell lymphoma, not otherwise specified, MEITL monomorphic epitheliotropic intes-
tinal T-cell lymphoma, T-PLL T-cell prolymphocytic leukemia, ALCL anaplastic large cell lym-
phoma, T-LGL T-cell large granular lymphocytic leukemia, EATL enteropathy-associated T-cell 
lymphoma
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Table 16.29 Frequent structural variants in ALCL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

ALK-positive anaplastic large-cell lymphoma

t(2;5)
(p23;q35.1)/NPM1-ALK

The fusion attaches the 
N-terminus of NPM1 
containing an 
oligomerization domain to 
the full tyrosine kinase 
domain of ALK resulting in 
constitutive kinase activity. 
Other fusion partners to 
ALK (TPM3, ATIC, etc.) 
also contain 
oligomerization domains, 
likely leading to 
constitutive ALK kinase 
activation by the same 
mechanism

84% Diagnostic of 
ALK+ ALCL

[2]

t(1;2)
(q25;p23)/TPM3-ALK

13% [2]

inv(2)(p23;q35)/ATIC-ALK 1% [2]
t(2;3)(p23;q21)/TFG-ALK <1% [2]
t(2;17)
(p23;q23)/CLTC-ALK

<1% [2]

t(2;X)
(p23;q11-12)/MSN-ALK

<1% [2]

t(2;22)
(q23;p11.2)/MYH9-ALK

<1% [2]

t(2;19)
(p23;q13.1)/TPM4-ALK

<1% [2]

t(2;17)
(p23;q25)/ALO17-ALK

<1% [2]

ALK-negative anaplastic large-cell lymphoma (including primary cutaneous ALCL)

t(6;7)
(p25.3;q32.2)/DUSP22- 
FRA7H

DUSP22 is a dual- 
specificity phosphatase that 
inhibits T-cell antigen 
receptor signaling by 
inactivating ERK2; 
translocation results in 
disruption of the DUSP22 
gene and decreased 
expression

20–45% Favorable 
prognosis, 
relatively 
specific to 
ALK- ALCL, 
rarely reported 
in PTCLs but 
not other 
cutaneous T-cell 
lymphomas

[169, 
170]

VAV1
rearrangements

VAV1 encodes a guanine 
exchange factor (GEF) 
critical in T-cell receptor 
signaling. The fusion 
results in loss of the 
C-terminal SH3 
autoinhibitory domain 
leading to activating of 
VAV1 GEF activity 
culminating in RAC- 
dependent increase in 
growth and migration

16% [171]

ROS1
rearrangements

Fusion partners (NFKB2, 
NCOR2) provide 
dimerization domains to the 
tyrosine kinase domains of 
ROS1 and TYK2 leading to 
constitutive kinase activity 
and JAK/STAT signaling

11% [172]

TYK2
rearrangements

11% [172]

(continued)
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Table 16.29 (continued)

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

inv(3)
(q26q28)/TP63-TBL1XR1

p63 is a p53 family 
member; fusion results in 
loss of the N-terminal 
transactivation domain of 
TP63 leading to a dominant 
negative fusion product that 
inhibits the TP53 pathway

8% Poor prognosis [170, 
173]

IRF4
rearrangements

Interferon regulatory factor 
(IRF) family transcription 
factor; IRF4 overexpression 
is oncogenic in vitro

57% 
(cALCL)

[174, 
175]

Table 16.31 Frequent somatic variants in ALCL

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical utility 
(diagnostic/
prognostic) Refs

JAK- 
STAT 
signaling

JAK1 Protein- 
tyrosine 
kinase 
which 
regulates 
interferon 
signaling

Activating 
missense 
mutations in 
tyrosine kinase 
domain 
(p.G1097D/S)

7–15% Not identified in 
histologic mimics, 
ALK+ ALCL or 
PTCL, NOS

[172, 
176–
180]

STAT3 STAT 
family 
protein

Activating 
missense 
mutations in src 
homology 2 
(SH2) domain 
(exon 12; 
p.Y640F, 
p.N647I, 
p.D661Y, 
p.A662V)

10–20% Not identified in 
histologic mimics, 
ALK+ ALCL or 
PTCL, NOS

[172, 
176–
180]

Table 16.30 Frequent copy number alterations in ALCL

Copy number change Gene(s) involved

Frequency

Clinical utility Refs
ALK+ 
ALCL

ALK− 
ALCL

17p13.3-p12 loss TP53 9% 42% Poor prognosis [181]
6q21 loss PRDM1, ATG5 6% 56% Poor prognosis [181]
13q32.3-q33.3 loss 9% 23% [181]
16q23.2 loss 3% 29% [181]
1q gain 15% 32% [181]
8q24.22 gain 12% 23% [181]
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Table 16.32 Frequent structural variants in PTCL

Rearrangement/
gene partners Description Frequency Clinical utility Refs

ITK-SYK Both ITK and SYK are involved in 
normal antigen-induced 
lymphocytes activation. Fusion 
protein joins the Pleckstrin 
homology (PHD) and TEC 
homology domains (THD) of ITK 
with the SYK kinase domain 
leading to ligand-independent 
constitutive antigen receptor 
signaling

17% Confers sensitivity 
to SYK inhibitors

[156, 
182]

CTLA4-CD28 Likely the result of partial gene 
duplication; fusion protein 
consists of the extracellular 
domain of CTLA4 and the 
cytoplasmic region of CD28, 
likely capable of transforming 
inhibitory signals into stimulatory 
signals for T-cell activation

23% Potential target for 
anti-CTLA4 
immunotherapy

[154]

VAV1 VAV1 encodes a guanine exchange 
factor (GEF) critical in T-cell 
receptor signaling. The fusion 
results in loss of the C-terminal 
SH3 autoinhibitory domain 
leading to activating of VAV1 GEF 
activity culminating in RAC1- 
dependent increase in growth and 
migration

11% Sensitive to RAC1 
inhibitors

[171]

t(6;14)
(p25;q11.2)/IRF4- 
TCRA

Interferon regulatory factor (IRF) 
family transcription factor; 
rearrangement likely leads to 
overexpression of IRF4 which is 
oncogenic in vitro

Rare [174, 
175]

Table 16.33 Frequent copy number alterations in PTCL

Copy number change Gene(s) involved Frequency Clinical utility Refs

9p23 amplification 36% [159]

8q24.11 amplification 33% [159]

19q13.43 amplification 21% [159]

3q loss 12% [159]

9p21.3 MTAP, CDKN2A, CDKN2B 9–31% Poor prognosis [159, 183]

2p15-16 amplification REL 10% [184]

7p gain 20% Poor prognosis [183]

7q gain 31% Poor prognosis [183]

17q11-q25 gain 30% [160]

8q24.21 gain 20% [160]

22q12-qtel gain 20% [160]

13q13-q33 loss 30% [160]
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rearrangement studies does not equate with neoplasia. In this context, the demon-
stration of a pathogenic somatic mutation in STAT3 (or rarely STAT5B) would be 
supportive evidence of neoplasia (Table 16.35) [1, 6].

 T-Cell Prolymphocytic Leukemia (T-PLL)

T-PLL is a rare aggressive T-cell neoplasm that predominantly presents with periph-
eral blood and bone marrow involvement. This neoplasm is characterized by hall-
mark translocations involving the oncogene TCL1 (Table  16.36). Like T-LGL, 
T-PLL has recurrent activation of the IL2-JAK-STAT pathway, but shows depen-
dence upon STAT5B as well as frequent mutations or deletions of ATM (Tables 
16.37 and 16.38; Fig. 16.5) [1, 6].

 Enteropathy-Associated T-Cell Lymphoma (EATL) 
and Monomorphic Epitheliotropic Intestinal T-Cell Lymphoma 
(MEITL)

EATL is a rare intestinal T-cell lymphoma seen in association with Celiac disease 
most frequent in patients with Northern European ancestry. This is distinct from 

Table 16.35 Frequent somatic variants in T-LGL

Pathway Gene Description

Most 
common 
mutations 
reported Frequency

Clinical utility 
(diagnostic/
prognostic) Refs

JAK- 
STAT 
signaling

STAT3 Mutations result 
in increased 
dimerization and 
STAT3 
phosphorylation 
leading to 
increased 
JAK-STAT 
signaling

Hot spot 
missense 
mutations 
involving the 
SH2 domain 
involved in 
dimerization 
(exon 21; 
p.Y640, 
p.D661)

28–70% [188–193]

STAT5B Mutations result 
in increased 
dimerization and 
STAT5b 
phosphorylation 
leading to 
increased 
JAK-STAT 
signaling

Missense 
mutations 
involving the 
SH2 domain 
(p.Y665H, 
p.N642H)

2% p.N642H 
mutation 
associated 
with more 
aggressive 
disease and 
CD3+ CD56+ 
phenotype

[188–193]
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Table 16.36 Frequent structural variants in T-PLL

Rearrangement/gene 
partners Description Frequency

Clinical 
utility Refs

inv(14)(q11;q32.1)/ t(14;14)
(q11;q32.1)/TCL1A/B- 
TRA/D

Leads to translocation of 
the TCRA/D locus next to 
the TCL1 proto-oncogene 
resulting in overexpression 
and activation of AKT

73% Relatively 
specific to 
T-PLL

[194]

t(X;14)
(q28;q11)/MTCP1-TRA/D

MTCP1 is a TCL1 family 
member; translocation 
results in overexpression of 
MTCP1

7% Relatively 
specific to 
T-PLL

[194, 
195]

t(7;14)
(q35;q32.1)/TCL1-TRB

Translocation of the TCRB 
locus next to the TCL1 
proto-oncogene resulting in 
overexpression and 
activation of AKT

Rare [196]

t(9;17)
(q34.12;q25.3)/SEPT9-ABL1

Rare Resistant to 
ABL1 
tyrosine 
kinase 
inhibitors

[197]

Table 16.37 Frequent copy number alterations in T-PLL

Copy number 
change

Gene(s) 
involved Frequency Clinical utility Refs

8q gain 
[including i(8)
(q10)]

61–77% Associated with TCL1-TCRA/D 
translocations

[194, 
198, 
199]

14q32 gain TRA, TRD 30% [194]
6q loss 25% [194, 

198]
7q36 loss EZH2, 

GIMAP
41–53% [194, 

199]
8p loss 61% [194]
11q loss ATM 69% Associated with concurrent ATM 

mutations and TCRA/D 
translocations

[194, 
199]

17p loss TP53 31% Associated with concurrent TP53 
deletions and lack of TCRA/D 
rearrangements

[194]

22q loss SMARCB1 33–37% [194, 
200]

10p loss 20% [194]
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MEITL, which occurs in Asian and Hispanic patients and which has no association 
with Celiac disease (formerly known as EATL type II). Taken together, these two 
entities account for a quarter of all primary small intestinal lymphomas. Both these 
entities show overlapping but somewhat distinct genetic profiles with frequent 
mutations involving epigenetic modifiers and JAK-STAT signaling (EATL resem-
bling T-LGL and MEITL resembling T-PLL) and recurrent gain of MYC in MEITL 
(Tables 16.39 and 16.40; Fig. 16.5) [1, 6].

 Adult T-Cell Leukemia/Lymphoma (ATLL)

ATLL is a distinct mature T-cell neoplasm that is driven by the human T-cell leuke-
mia virus type 1 (HTLV-1). Accordingly, this disease is more common in regions 
with a higher prevalence of HTLV-1 infection, such as southwest Japan and the 
Caribbean basin. The clinical presentation and course of ATLL is highly variable 
with four distinct subtypes: acute, lymphomatous, chronic, and smoldering. The 
acute and lymphomatous subtypes are highly aggressive diseases with very poor 
prognosis, while the chronic and smoldering subtypes show an indolent clinical 
course. These clinical subtypes exhibit distinct molecular genetic differences that 
dictate prognosis (Tables 16.41, 16.42, and 16.43, Fig. 16.5) [1, 6].

 Extranodal Natural Killer/T-Cell Lymphoma (ENKTL)

ENKTL is a rare aggressive EBV-driven neoplasm that usually presents in older 
adults at extranodal sites (e.g., upper aerodigestive tract, skin) characterized by 
prominent necrosis and angiocentricity [6]. Most cases show an NK-cell phenotype; 
rare cases can show a cytotoxic T-cell phenotype. This disease is far more prevalent 
in Asia and South America. As with several other T-cell neoplasms, epigenetic and 
JAK-STAT pathway mutations are recurrent as well as copy number loss on 6q 
(Tables 16.44, 16.45, and 16.46; Fig. 16.5).

Table 16.39 Frequent copy number alterations in EATL and MEITL

Copy number change Gene(s) involved Frequency Clinical utility Refs

9q gain 70–75% [201–203]
16q12.1 loss 23% [204]
1q32.2--q41 gain 47% More frequent in EATL [201, 204]
5q34-q35.2 gain 50% More frequent in EATL [203, 204]
8q24 gain MYC 43% More frequent in MEITL [201–203]
7q gain 30% [201, 205]
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Table 16.41 Frequent structural variants in ATLL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

CD28-CTLA4 fusion Extracellular domain of 
CTLA4/ICOS fused to 
cytoplasmic region of 
CD28; chimeric protein is 
also under transcriptional 
control of CTLA4 and ICOS 
leading to overexpression 
leading to excess 
co-stimulatory signaling

5% Potential target for 
anti-CTLA4 
immunotherapy

[206]

CD28-ICOS fusion 2% [206]

Table 16.42 Frequent copy number alterations in ATLL

Copy number 
change

Gene(s) 
involved Frequency Clinical utility Refs

9p24 
amplification

PD-L1 10–20% More common in aggressive subtype; 
poor prognosis independent of subtype

[206, 
207]

6p22 deletion ATXN1 10–20% [206, 
207]

6q21 deletion PRDM1 10–20% [206, 
207]

9p21 deletion CDKN2A 20–30% More common in aggressive subtype; 
shorter OS in indolent subtype

[206, 
207]

13q32 deletion GPR183 20–30% [206, 
207]

Table 16.43 Frequent somatic variants in ATLL

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility 
(diagnostic/
prognostic) Refs

Notch 
pathway

NOTCH1 Notch family 
receptor; 
likely gain of 
function

Missense 
mutations 
involving 
C-terminus

30% [206–
208]

FBXW7 Part of E3 
protein ligase 
complex; 
loss-of- 
function 
mutations

Missense 
mutations 
involving the 
substrate- 
binding domain

25% [206, 
207, 
209]
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Table 16.43 (continued)

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility 
(diagnostic/
prognostic) Refs

Signal 
transduction 
and actin 
nucleation

RHOA GTPase 
molecular 
switch 
involved in 
signal 
transduction 
and 
regulating 
cell shape and 
motility; 
mutations can 
lead to gain 
or loss of 
function

Missense 
mutations 
involving 
GTP-binding 
domains 
(codons 16, 17, 
161)

15% [206, 
207, 
210]

TCR and 
NF-kB 
signaling

PLCG1 Regulator of 
proximal 
TCR 
signaling; 
likely gain of 
function

Hot spot 
missense 
mutations 
(codons 48, 
345, 520, 1163, 
1165)

36% [206, 
207]

PRKCB PKC family 
protein; likely 
gain of 
function

Hot spot 
missense 
mutations 
(codon 427)

33% Shorter OS 
in aggressive 
subtype

[206, 
207]

CARD11 Scaffold 
protein 
involved in 
NF-kB 
signaling; 
likely gain of 
function

Missense 
mutations 
involving 
coiled coil and 
autoinhibitory 
domains

24% [206, 
207]

VAV1 Guanine 
exchange 
factor (GEF) 
critical in 
T-cell 
receptor 
signaling; 
likely gain of 
function

Missense 
mutations

18% [206, 
207]

IRF4 Downstream 
target of 
NF-kB 
signaling

Hot spot 
missense 
mutations 
involving 
DNA-binding 
domain

14% More 
common in 
aggressive 
subtype; 
shorter OS in 
indolent 
subtype

[206, 
207]

(continued)
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Table 16.43 (continued)

Pathway Gene Description

Most common 
mutations 
reported Frequency

Clinical 
utility 
(diagnostic/
prognostic) Refs

Chemokine 
receptor

CCR4 G-protein 
coupled 
receptor; 
likely gain of 
function

Truncating 
mutations 
involving 
C-terminal 
cytoplasmic 
domain

29% [206, 
207]

JAK-STAT 
signaling

STAT3 Gain of 
function 
mutations

Hot spot 
missense 
mutations 
involving the 
SH2 domain 
(Y640, D661)

22% More 
common in 
indolent 
subtype

[206, 
207]

Cell cycle 
regulation

TP53 Tumor 
suppressor

Loss of 
function 
mutations

16% More 
common in 
aggressive 
subtype

[206, 
207]

Table 16.44 Frequent structural variants in ENKTL

Rearrangement/gene 
partners Description Frequency Clinical utility Refs

CTLA4-CD28 Likely the result of partial 
gene duplication; fusion 
protein consists of the 
extracellular domain of 
CTLA4 and the cytoplasmic 
region of CD28, likely 
capable of transforming 
inhibitory signals into 
stimulatory signals for 
T-cell activation

29% Potential target for 
anti-CTLA4 
immunotherapy

[154]

Table 16.45 Frequent copy number alterations in ENKTL

Copy number change Gene(s) involved Frequency Clinical utility Refs

6q21-26 loss PRDM1, ATG5, HACE1 44% [170]
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