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Preface

Looking Good in Your Genes: Maximizing

One’s Personalized Molecular Fingerprint

for Optimal Health

Martin H. Bluth, MD, PhD

Editor

The explosion in gene testing to determine one’s risk of disease has created a tempest
in the health care milieu. To find a piece of driftwood to cling to, various sources have
sprung up to provide clarity, education, and guidance,1 whereas others have offered a
cloud of chaos, panic, and impetuousness.2 Indeed, one can be overwhelmed by the
onslaught of relative risk, odds ratios, and prognostication associated with a given
gene mutation, polymorphism, and the like to a dizzying endpoint of frustration or
despair. Lay press disseminations, which distill research studies into a bite-sized
morsel, can overgeneralize published findings. Conversely, attention to a select aspect
of a given study can underscore certain findings while obviating other key elements.
For example, certain synopses may not highlight geography, sample size, methodol-
ogy, or other limitations, thereby misrepresenting the uniqueness of a given study to
a specific cohort, dose, technique, and so forth.
In addition, the aura of mystery and awe that shrouds gene testing has, in certain re-

spects,mushroomed its significanceway beyond its actual clinical application. Dr Sharon
Moalem, in his book, Survival of the sickest, opens with a poignant statement: “genes are
your history not your destiny.”3 This is not only comforting but is also true. Although there
is no doubt that genes influence an individual’s biology, it is equally evident that one is not
exclusively and invariably defined by them in a static manner. During the early stages of
genetic engineering, the sensationalism was overwhelming. The 1980s introduced Gen-
entech’s recombinant insulin,molecular technologymaturedat a rapid rate, restrictionen-
zymes,Taqpolymerase, andconjugated fluorophoresgave rise tomethodologies suchas
PCR, FISH, and microarray over time. The “one-gene-one-protein” idea predominated;
biotechnology started to boom, and genes became big business. The turn of the century
heralded anepisodeof genesgonewild, where genetic polymorphismswere identified for
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various disease states; the results of the Human Genome Project manifested human
application, and population genetics interfacedwith epidemiology. In certain circlesmar-
riages were considered only when predicated on one’s genetic profile; insurance com-
panies set their sails on assessing whether one’s genes can affect disease probability
and alter insurance premiums,4 and forensic science began incorporating genetic inter-
rogation for elucidating paternity as well as murder cases. For some choice to have chil-
dren rested on the results of genetic testing anddesigner genes, modification of genesby
genetic engineering, became a tantalizing topic of discussion to craft the child of your
dreams like a genetic version of a Build a Bear Workshop.
The symphony of genes continued to crescendo by availing both physician-pre-

scribed and direct-to-consumer gene testing opportunities. Various companies
offered comprehensive gene testing, a forerunner of the “omics” panoply to “know
thyself” as a means of identifying everything from one’s ancestry, what foods to
eat, forecasting disease, to the probability of which enzymes will catabolize which
drugs, and so forth. Such noise can also transform into a cacophony if not taken
with a grain of salt. While knowledge of certain genetic predispositions have proven
clinically relevant, such as polymorphisms in single-carbon pathway metabolism
where supplementation of methylated folate in those with select MTHFR polymor-
phisms polymorphism can be ideal,5,6 other mutations or polymorphisms may not
be clear and require additional interrogation.7

Furthermore, the influence of epigenetics, interfering RNAs (eg, siRNA), and
enhancer effects among others has introduced additional variables that may affect
the penetrance and expression of a gene.8 Thus, the mere presence of a gene no
longer mandates the expression and related clinical relevance with the same abso-
lutism as before. One gene affecting many physiologic pathways has become the
norm and has created an avenue for drug “repurposing” to treat various disease states
where common pathways or mechanisms of action have been identified. Diet, poly-
pharmacy, and environmental contexts among others can further influence the clinical
effects of a gene as well as its disease relevance.
Although the variability and layered effects of such a multifactorial miasma may

seem daunting, it can be considered a good thing. It in effect validates that we are
fluid, ever-changing, adaptive, trending organisms that can, in certain respects, posi-
tively influence ourselves in the face of a seemingly deleterious polymorphism by
changing our immediate or extended bio-focused environment. The term “biohacking”
has a few connotations, including the idea of changing one’s lifestyle to “hack” the bio-
logical status of the body toward optimum health.9 Patients will explore various
approaches to improve their health, including interrogating their genes, in cases where
conventional medicine has failed them. This is not to say that physicians cannot pro-
vide diagnosis and management; rather, the ever-changing health care climate, cost
containment, liability/privacy, insurance coverage networks, and the like can affect
the time, diagnostic as well as management choices, and longevity that the physician
has with the patient.
For example, those with joint disorders, GI disturbances, fatigue, and so forth, who

have been to a multitude of physicians and received a plethora of prescription medi-
cations to no avail have sought other modalities, including diet alteration, polymor-
phism assessment, and/or environmental exposure interrogation, to discover that
they were allergic to a food, deficient in an enzyme, or exposed tomold toxins, respec-
tively. Those with select polymorphisms can further change their lifestyle, in addition to
diet and environment, to include exercise and meditation to reduce or obviate
pain, fatigue, and stressors to live optimal lives.10,11 This personalization or precision
medicine, which often incorporates analysis and interpretation of genes and
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polymorphisms, can highlight the uniqueness among individuals rather than the com-
monalities of the “one-size-fits-all” approach. This gestalt can further empower the
individual by celebrating one’s uniqueness and identify opportunities for health main-
tenance and growth.
Thus, the complicated variability of the ever-expanding domain of molecular pathol-

ogy and personalized medicine can provide unprecedented opportunities for patient
diagnosis and management by laboratory methods while appreciating the limitations
inherent in this domain. It allows one to pause at the mention of disease and posit how
these polymorphisms can be interpreted to improve the prognosis and quality of life.
The idea that patients can “look good in their genes” provides a fresh perspective on
patient management and health in general.
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Introduction: Molecular
Medicine in the Common Era
Applications and Impact of Molecular Pathology

in Health and Disease

Martin H. Bluth, MD, PhDa,b

The history of medicine aligns with the history of humanity. The Bible recounts
Rachel’s request of da’aduim (mandrakes) from her sister as putative means of pro-
moting fertility1 and the prophet Isaiah states to “bring a cake of figs, and let them
take and lay it on the boil, that he may recover”2 as a remedy for king Hezekiah’s
ailment. The maturation of medicine, disease diagnosis, and patient treatment has
progressed over millennia, transcended religion and gender and developed in various
spheres of people, culture, class, and geography. The Israelite priest diagnosed
leprosy and cured it.3 Egyptian doctors used powdered charcoal as a medicine to
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KEY POINTS

� Molecular pathology has profoundly influenced general pathology practice and the un-
derstanding of pathobiology and its techniques have provided medicine with accurate,
sensitive, and rapid opportunities to diagnose and prognosticate disease in an unprec-
edented manner.

� Detection of abnormal genes and differences in patterns of gene expression can influence
disease diagnosis and guide specific therapy in many disease settings.

� In addition to the clinical setting, molecular pathology has expanded to the direct-to-
consumer market for general commercial use.

� Application of molecular pathology to high-throughput automation and multiplex analysis
has provided unprecedented support for evolving omics platforms toward personalized
medicine.
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absorb poisons and cure food poisoning, and women physicians including Merit Ptah
(c. 2700 BCE) and Peseshet (c. 2500 BCE) served as the common day Chief of Service.4,5

Hippocrates (c. 400 BCE) described the four humors as representing ones personality,
and Galen (c. 130 BCE) further applied this concept to body fluids defining mood and
temperament (“sanguine,” “choleric,” “melancholy,” and “phlegmatic”), which related
to disease when out of balance.6 Saint Basil of Caesarea (CE 369) founded the first
300-bed large-scale hospital for the seriously ill and disabled,7 and Maimonides and
Ibn al-Nafis (circa CE 1100 and 1200, respectively), deduced that the heart sends blood
to the lungs to get air.5

Innovation is often slow to gain acceptance. The germ theory of disease confirmed
and proven by Pasteur and Lister was previously proposed by Ignaz Semmelweis
years earlier. However, his suggestion to wash one’s hands in clinical practice and
before a procedure was met with ridicule and mockery.8 Kary Mullis, who received
the Nobel Prize in chemistry for polymerase chain reaction technology, initiated a
technology that was time consuming and laborious. Fortuitously, the alignment of
thermostable Taq polymerase enzyme with automation yielded the prototype of the
polymerase chain reaction technology, which gave rise to molecular pathology used
today.
To this end, the success of the Human Genome Project has expanded molecular

biology in an exponential manner.9 It has facilitated the identification of numerous
novel genes whose functions can now be determined and whose expressions can
be monitored in different disease states. Whereas the discipline of pathology often re-
fers to the rubric of the study of disease in general, molecular pathology refers to the
submicroscopic analysis of nucleic acids and proteins to diagnose disease, predict
the occurrence of disease, predict the prognosis of diagnosed disease, and guide
therapy.
Furthermore, recent advances in molecular pathology have positively affected

the practice of medicine, especially diagnostic medicine. These changes result
from abilities to clone disease-causing genes and the proteins that they encode
and to detect the presence of these genes and proteins in the serum and other
body fluids and tissues of patients, even though they may be present in minute
quantities. This detection has been made possible by a veritable explosion of
new, highly sensitive techniques involving amplification methods, such as polymer-
ase chain reaction, branched DNA, fluorescence in situ hybridization, next-
generation sequencing, and mass spectroscopy, among others.10 The ability to
streamline testing in a high-throughput manner, many of which have been
automated, enables a single patient sample to be analyzed for multiple genes or
proteins.
Molecular pathology has afforded physicians the ability to drill down and interrogate

disease states for causes related to chromosomal abnormalities, point mutations,
polymorphisms, and the like, which can provide a personalized medicine approach
to diagnose a wide spectrum of diseases. To this end, genes that encode drug-
metabolizing enzymes, activating and inactivating, and genes that encode ligands
and receptors may show polymorphisms that either decrease or increase the thera-
peutic effectiveness or toxicity of drugs already in clinical use, thus accounting for
some idiosyncratic responses previously not understood or predictable.11 As such,
there have been major advances in testing patients for genetic expression of selective
enzyme isoforms, allowing prediction of which drugs would be the most effective ones
for use in a personalized manner.12

As more polymorphisms are identified and correlated with individual patient
response to treatment, pathologists will be called on increasingly to profile
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common polymorphisms in patients who are beginning therapy for common
diseases, such as coronary artery disease, congestive heart failure, diabetes,
thrombosis, hypertension, cancer, and infections. Mutations in select genes, pro-
duced by mutational events associated with, for instance, carcinogens and onco-
genic viruses, often result in abnormal activation or overexpression of their
encoded proteins. A laboratory’s definition of an individual patient’s genotype/
phenotype, therefore, may determine the specific drugs and doses suitable
for the patient. This evolution has placed pathologists in a more definitive position
to determine appropriate therapy than traditional prediction of disease behavior
based on morphology of lesions or culture characteristics of infectious
organisms.13

Cancer is a major area where the differential expression of specific genes char-
acterizes particular tumors.14 New advances in molecular pathology related to gy-
necology (see Eman Abdulfatah and colleagues’ article, “Gynecologic Cancers:
Molecular Updates 2018,” in this issue.), gastroenterology (see Amarpreet Bhalla
and colleagues’ article, “Molecular Diagnostics in Colorectal Carcinoma:
Advances and Applications for 2018,” in this issue.), dermatology (see Katrin
Kiavash and colleagues’ article, “An Update Regarding the Molecular Genetics
of Melanocytic Neoplasms and the Current Applications of Molecular Genetic
Technologies in Their Diagnosis and Treatment,” in this issue.), and hematology
(see Radhakrishnan Ramchandran and colleagues’ article, “Molecular Diagnosis
of Hematopoietic Neoplasms: 2018 Update,” in this issue.) disciplines among
others have provided unprecedented insight into the diagnosis of and screening
for several different types of tumors. Similar advances have been accomplished
in the disciplines of infectious disease (see Marilynn Ransom Fairfax and col-
leagues’ article, “Diagnostic Molecular Microbiology: A 2018 Snapshot,” in this
issue.) and transfusion medicine (see Matthew B. Elkins and colleagues’ article,
“Molecular Pathology in Transfusion Medicine: New Concepts and Applications,”
in this issue.). Clinical laboratories will likely be called on to perform
such in-depth types of analyses with increasing frequency in the near future. A
poignant example of this phenomenon is the diagnosis of leukemias and lym-
phomas. Morphologically and even immunophenotypically, it may prove difficult
to distinguish among different types of each disease. Specific gene rearrange-
ments and patterns of gene expression, however, now enable distinction of
different types of disease in this regard, which affect treatment approaches. In
addition, the relationships among diseases are also more sharply defined, and
sometimes radically changed, by comparisons among the diseases’ gene expres-
sion profiles.
As with all laboratory methods, excellent quality-assurance programs are required

to ensure that molecular pathologic results are accurate and useful. Standardized
methods for performance of the most common clinical molecular pathologic tests
are published by the Clinical and Laboratory Standards Institute (formerly called the
National Committee for Clinical Laboratory Standards). Use of these guidelines
ensures that the data generated in molecular pathology laboratories are produced
by methods that are the standard of excellent practice. Furthermore, interlaboratory
comparison of test performance proficiency is provided by the College of American
Pathologists (www.cap.org). Applying established standards of quality assurance
and using molecular pathologic techniques with a thorough understanding of their
respective strengths and weaknesses, pathologists continue to capitalize on the
opportunities these techniques offer for improved patient care and the understanding
of basic pathobiology.
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Financial costs inherent in operations pertaining to amolecular pathology laboratory
need to be considered. Although molecular pathology tests can often incur higher
costs than conventional testing approaches, there are proponents who argue that
molecular testing may actually facilitate a decrease in unnecessary, less-sensitive,
and less-specific tests, thereby perpetuating more targeted and appropriate therapy
for patients in the long run.15,16 Recent application of molecular pathology and phar-
macogenomics to pharmacovigilance (drug safety) has demonstrated its value to
identify patients that may have an increased probability of suffering an adverse event
for a trialed drug.17,18 Incorporation of such pharmacogenomics testing approaches
may decrease costs of such adverse events, which result from class action lawsuits,
recalls, or other postmarket concerns.
Molecular pathology has also reached the mainstream direct-to-consumer

marketplace.19,20 Numerous companies offer the ability to test selective gene
panels, prognosticate disease, elucidate ancestry, and determine the relative risk
of future maladies in oneself or one’s offspring, often easily obtained by online or
drug store purchase. The integrity of such direct-to-consumer offerings is not always
clear regarding the presence or proficiency of medical directorship, method valida-
tion, accuracy, and degree of interpretative license as one’s results relates to actual
disease. The term “buyer beware” cannot be overemphasized in this domain
because a concerning result can have far reaching social and psychological
consequences.
Application of molecular pathology to various health care–centric enterprises has

also flourished. The evolving new disciplines of “omics” data mining for biomarkers
and profiling of biosignatures is becoming vogue and interfacing with all aspects
of conventional health care.21 Nutrigenomics, metabolomics, lipidomics, glycomics,
and transcriptomics represent salient expansions of the original genomics construct
while drilling down into the substrata of select biologic processes. The ideal was to
apply the “omics” interrogation to the tried and true model of tissue- and blood-
based immunohistochemical marker interrogation to avail unparalleled precision for
unique biomarker discovery and application. However, the pathology biomarker par-
adigms of immunohistochemical marker and blood biomarker have not always applied
well to the “omics” realm, mainly because of their own specificities and limitations and
the disconnect caused by disease heterogeneity. Such heterogeneity can occur within
an individual (specimen heterogeneity), and the other can occur between different in-
dividuals (disease heterogeneity). Ongoing approaches to better interrelate immuno-
histochemical marker and “omics” applications and limitations will likely identify
disease spaces for best fit with respect to diagnostic discovery, adaptation, and
reproducibility.
In summary, molecular diagnostic techniques provide new insights into disease that

were never before possible. These techniques, however, must often be used in coor-
dination with traditional laboratory tests while being mindful to the limitations of each
approach. In cases of tissue pathology, the morphologic skills involved in histopathol-
ogy and cytopathology must be used to ensure that appropriate cells and tissues are
analyzed via molecular means. Otherwise, analysis of other than targeted cells/tis-
sues, despite high-quality technical methods interpreted with skill and experience,
can lead to erroneous, sometimes dangerously misleading, results. In concert with
classical pathology algorithms, molecular pathology affords unprecedented potential
for refined, highly sensitive, rapid, and patient-specific characterization of disease. To
this end, molecular pathologists are situated to serve as proverbial “molecular shep-
herds”22 (diagnostic gatekeepers) to ascertain and affirm that the evolution of molec-
ular medicine is handled, processed, and interpreted appropriately for optimal patient
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care. Continued progress in this discipline will undoubtedly uncover new molecular,
epigenetic, and genetic biorealities that can be applied to the human condition in
health and disease with the ideal of improving humanity in any era.
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Molecular Pathology
Techniques: Advances in 2018

Mark J. Bluth, PhDa,*, Martin H. Bluth, MD, PhDb,c

POLYMERASE CHAIN REACTION

Polymerase chain reaction (PCR) is a chemical reaction that facilitates the
in vitro synthesis of potentially unlimited quantities of a targeted nucleic acid
sequence. Basically, the reaction consists of a target DNA molecule, an excess of
the forward and reverse oligonucleotide primers (typically 15–30 nucleotides long), a
thermostable DNA polymerase (typically Taq or Pfu), an equimolar mixture of deoxy-
ribonucleotide triphosphates (dATP, dCTP, dGTP, and dTTP), Mg21 or Mn21 (depend-
ing on the type of polymerase used), KCl, and an appropriate Tris-HCl buffer.
The reaction consists of 3 steps: denaturation, annealing, and extension, which

taken together are referred to as a cycle. To begin, the reaction mixture is heated (usu-
ally to 95�C) to separate the 2 strands of target DNA (denaturation) and then cooled to
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KEY POINTS

� Polymerase chain reaction (PCR) remains the cornerstone methodology for nucleic acid
amplification. Improvements in nucleic acid detection methodologies (for example PCR)
have increased the detection sensitivity by using fluorescent and bead array–based
technologies.

� Single base-pair lesions can be detected via sequencing and related techniques to
discern point mutations in disease pathogenesis.

� Novel technologies, such as high-resolution melting analysis, provide fast, high-
throughput post-PCR analysis of genetic mutations or variance in nucleic acid sequences.

� Infectious disease can now be detected by fluorophore or chemiluminescent detection
assays, such as hybrid capture hybridization technology, allowing for rapid diagnosis.
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a temperature at which the primers bind to the target DNA in a sequence-specific
manner (annealing). Immediately after primer annealing, the DNA polymerase binds
(as the temperature is raised to 72�C) and initiates polymerization, resulting in the
extension of each primer at its 3’ end (extension). During the following cycle, the primer
extension products are subsequently heated to dissociate from the target DNA. Each
new extension product, as well as the original target, can serve as a template for sub-
sequent rounds of primer annealing and extension. In doing so, at the end of each cy-
cle, the PCR products are theoretically doubled.1,2

The whole procedure is carried out in a programmable thermocycler that precisely
controls the temperature at which the steps occur, the length of time that the reaction
is held at the different temperatures, and the number of cycles. Ideally, after 20 cycles
of PCR, a million-fold amplification is achieved and, after 30 cycles, the replicons
approach a billion-fold.

REVERSE TRANSCRIPTION–POLYMERASE CHAIN REACTION

As described previously, PCR is suitable for the amplification of DNA targets because
DNA polymerase does not recognize DNA-primed RNA templates. Reverse transcrip-
tion (RT)-PCR helps overcome this problem by using the enzyme reverse transcriptase
to first synthesize a strand of complementary DNA (cDNA) using the RNA as a tem-
plate. Because thermolabile RNA is often referred to as the message transcribed
from the DNA template, this process provides a thermostable mirror image of the
RNA transcript. Typically, recombinant RT is added to a reaction mixture identical
to the one for PCR and is incubated at between 37�C and 42�C for 30 minutes, during
which time the first-strand cDNA synthesis occurs. Subsequently, the reaction pro-
ceeds much like a regular PCR reaction for the appropriate number of cycles at the
appropriate temperatures. This method can, however, present problems in terms of
both the nonspecific primer annealing and inefficient primer extension due to forma-
tion of RNA secondary structures. A secondary RNA structure is a direct consequence
of the low temperature at which the reaction is carried out, due to the heat labile nature
of most RTs. These problems have been largely overcome by the development of a
thermostable DNA polymerase derived from Thermus thermophilus (for example
Taq polymerase), which, under the proper conditions, can function efficiently as
both an RT and a DNA polymerase.2

REAL-TIME POLYMERASE CHAIN REACTION

Real-time PCR (also called quantitative PCR or quantitative Real-time PCR, or kinetic
PCR or kinetic RT-PCR) is a closed-system assay that can be used to determine the
relative quantity of gene expression as well as genotyping by detection of single-
nucleotide polymorphisms (SNPs).
In principle, the method works much like the PCR discussed previously; however,

real-time PCR also uses an additional oligonucleotide probe. This probe is target mes-
sage specific and contains a fluorochrome at one end and a quencher molecule at the
other. When unhybridized, the probe forms a hairpin structure that brings the fluoro-
chrome in proximity with and binds the quencher, effectively muting its fluorescence.
When hybridized, however, the quencher molecule is cleaved, and the bound fluoro-
chrome is now unencumbered and can be detected by a fluorescence absorption
assay. Single-nucleotide differences like SNPs can be detected in PCR products by
the sequence-specific hybridization of the probe. Because it is possible to have
different colored fluorochromes, the probes can be differentially labeled, allowing
both alleles of an SNP to be typed in the same tube. These molecules can be used
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in a closed system for allelic discrimination of PCR products. Both assays can be read
in real time or endpoint formats, using a fluorescent thermocycler. This PCR-based
assay can be consolidated by combining an amplification primer and the fluorescent
detection component in the same molecule to enable real-time genotyping.
Once suitable oligonucleotides are designed, the genotyping of a sample is straight-

forward. The instrument is programmed to amplify the DNA and to perform a melting
curve analysis. A perfect match has a higher melting temperature than a mismatch. In
this way, the fluorescent thermocycler directly genotypes a sample after amplification
with no additional handling. With dual-color detection, it is possible to simultaneously
genotype 2 different mutations in 1 PCR run.3–5

MULTIPLEX POLYMERASE CHAIN REACTION

Multiplex PCR (mpPCR) consists of multiple primer sets within a single PCRmixture to
produce amplicons of differing sizes that specifically identify different DNA se-
quences. Primer sets are designed so that their annealing temperatures are optimized
to work correctly within a single reaction. The resultant amplicons are different enough
in size to form distinct bands when visualized by gel electrophoresis. By its original
design, this assay is typically efficient for elucidating the presence and relative con-
centrations of 2 to 20 distinct messages and is limited by the resolution capacity of
electophoretic gel separation.6

xTAG TECHNOLOGY

xTAG technology (Luminex Corp, Austin, Texas) is a next-generation form of multi-
plexing that overcomes the resolution limits of mpPCR by combining the methods
of multiplex amplification with particle-based flow cytometry. Like mpPCR, multiple
reactions can be carried out in a single reaction; however, because of the added
flow component, many more tests can be run and resolved at the same time.
Using a viral panel as an example, after obtaining a biologic sample, the mRNA is

reverse transcribed to cDNA. The cDNA is then amplified using a panel of primers
that can specifically amplify many different pathologic/pathogenic nucleic acid se-
quences at the same time. Each pathogen-specific primer used is tagged with a
unique oligonucleotide sequence (called the tag) as well as a fluorophore. After the
multiplex amplification step is completed, the reaction is mixed with microscopic
beads that are internally tagged with varying amounts of fluorescent molecules at
the time of production. Each different type of bead is also labeled with a unique oligo-
nucleotide sequence that is complementary to the unique tag on the pathogen-
specific primer (called the antitag). If both the tag and the antitag are present, then
hybridization occurs, binding the fluorophore-labeled amplicon to its appropriate
fluorophore-labeled bead. The beads are then processed and placed in a special
flow-enabled luminometer equipped with 2 lasers for reading. The first of the 2 lasers
identifies the bead based on its internal dye content and the second laser detects how
much, if any, tagged amplicon is bound to its surface.7

This technology allows for the resolution of 100 or more tests from 1 sample at 1
time in 1 tube. It is adaptable to perform tests on nucleic acids, peptides, and proteins
in a variety of sample matrixes.

STRAND DISPLACEMENT AMPLIFICATION

Strand displacement amplification method allows for rapid isothermal amplification
of target nucleic acid molecules using a series of primers, DNA polymerase
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(exo-Bst), and a restriction endonuclease (BsoBI), to amplify a unique nucleic acid
sequence exponentially.8 BsoBI recognizes the nucleic acid sequence: 5’ C-(C or
T)-C-G-(A or G)-G 3’. One of the primers called the strand displacement amplification
primer (SDA), also commonly called the “bump” primer, contains a sequence com-
plimentary to a unique target sequence but also contains a 5’ linker with a built-in
BsoBI restriction site. Strand displacement amplification can be thought of as occur-
ring in 2 segments: a target generation phase and an exponential amplification
phase. In the target generation phase after the heat denaturation of the native nucleic
acid, primers anneal (Fig. 1) and the polymerization reaction occurs in both direc-
tions in the presence of modified dCTPaS (Fig. 2), which results in the production
of a double-stranded product with a BsoBI restriction site 5’ to the target sequence.
Next, the BsoBI restriction site within the primer is digested with BsoBI. Because the
newly polymerized DNA strands (the strands complementary to and extended from
the bump primer) were synthesized with dCTPaS, however, only 1 side of the BsoBI
site is sensitive to digestion, resulting in the production of 1 nicked strand (Fig. 3).
Next, the exo-Bst polymerase binds to the nicked strand, on the 5’ side of the
nick, and polymerizes a new strand extending from the nick site, displacing the pre-
vious strand in the process. The strand is nicked again with BsoBI and the process
repeats (Fig. 4). The newly displaced strand serves as a template in following rounds
of amplification. The exponential amplification phase describes the continuous
repetition of this process and can produce copies in excess of a million-fold within
2 hours.9,10

The reaction can be performed with real-time analysis if coupled with a fluorescent
probe and multiplexed via an initial purifying step in which the bumper primer is cova-
lently linked to magnetic or fluorescently labeled beads.

TRANSCRIPTION-MEDIATED AMPLIFICATION

Transcription-mediated amplification (TMA) is an isothermal nucleic acid–based
method that can amplify RNA or DNA targets a billion-fold in less than 1 hour
(Fig. 5). This system is useful for detecting the presence of Mycobacterium tubercu-
losis and Chlamydia trachomatis.
Developed at Gen-Probe now (Hologic, San Diego, California), TMA technology

uses 2 primers and 2 enzymes: RNA polymerase and RT. One primer contains a pro-
moter sequence for RNA polymerase. In the first step of amplification, this primer hy-
bridizes to the target RNA at a defined site. RT creates a DNA copy of the target RNA

Fig. 1. Primer hybridization. (Courtesy of Becton, Dickinson and Company.)
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by extension from the 30 end of the promoter primer. The RNA in the resulting
RNA:DNA duplex is degraded by the RNase activity of the RT. Next, a second primer
binds to the DNA copy. A new strand of DNA is synthesized from the end of this primer
by RT, creating a double-stranded DNA (dsDNA) molecule. RNA polymerase recog-
nizes the promoter sequence in the DNA template and initiates transcription. Each
of the newly synthesized RNA amplicons re-enters the TMA process and serves as
a template for a new round of replication. The amplicons produced in these reactions
are detected by a specific gene probe via hybridization protection assay followed by a
chemiluminescence detection protocol.11,12

DNA SEQUENCING

DNA sequencing using the enzymatic extension reaction makes use of the difference
between normal deoxyribonucleotides and dideoxyribonucleotides. Deoxyribonucle-
otides contain a hydroxyl group at position 3 on the pentose sugar ring, allowing
DNA polymerase to join it with the phosphate group of the next nucleotide. A dideox-
ynucleotide can be incorporated into a growing chain, but because it does not contain
a hydroxyl group at position 3, no additional nucleotides can be added, effectively ter-
minating polymerization of that chain at that point.

Fig. 2. Primer extension. (Courtesy of Becton, Dickinson and Company.)

Fig. 3. Single-strand digestion. (Courtesy of Becton, Dickinson and Company.)
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The reaction is the same as a standard PCR with the exception of the supplemen-
tation of a small concentration of a labeled dideoxynucleotide to the reaction mix in
addition to the regular quantities of the normal deoxynucleotide triphosphates
(dATP, dTTP, dCTP, and dGTP). Using dideoxythymidine triphosphate (ddTTP) as
an example, the DNA to be sequenced is denatured, complementary primers anneal,
and primer extension occurs as normal. When ddTTP is incorporated instead of dTTP,
however, DNA polymerization on that molecule terminates. When the reaction is car-
ried out in the presence of the optimal concentrations of both dTTP and ddTTP, there
are molecules synthesized that stop at each of the thymidine nucleotides in the
sequence. The fragments generated can then be separated out by size via gel electro-
phoresis and the tag on the ddNTP allows the fragment to be visualized. In the begin-
ning, the reaction was carried out using 4 different tubes, each one containing a
different ddNTP. The reaction uses radiolabeled nucleotides (for example S35), and,

Fig. 4. Nicked-strand displacement. (Courtesy of Becton, Dickinson and Company.)

Fig. 5. The TMA RNA amplification technology. (From Origoni M, Cristoforoni P,
Carminati G, et al. E6/E7 mRNA testing for human papilloma virus-induced high-grade
cervical intraepithelial disease (CIN2/CIN3): a promising perspective. ecancer 2015;9:533.
Available at: https://ecancer.org/journal/9/full/533-e6-e7-mrna-testing-for-human-papilloma-
virus-induced-high-grade-cervical-intraepithelial-disease-cin2-cin3-a-promising-perspective.php;
with permission.)
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when completed, the reactions were separated in parallel lanes of a gel (1 lane per
ddNTP), which was then exposed to film, yielding a staggered pattern of bands
each with a 1 nucleotide base difference in size from the next. When the order of
the bands from all 4 lanes is read in size order from bottom to top, it corresponds
to the sequence of the DNA fragment that was amplified from the primer onward
(Fig. 6).
This method is excellent for sequencing fragments up to 600 base pairs. As a result,

the method can get costly for the time and reagents necessary to perform multiple re-
actions required to verify the sequence of longer DNA fragments. Today, however, the
same reaction can be performed using ddNTPs labeled with different fluorophores in
1 tube, run in 1 lane of a capillary gel, and read with a laser detector. This advance al-
lows for more accurate sequence reading while using less time and reagents (Fig. 7).

PYROSEQUENCING

Pyrosequencing is a method of DNA sequencing based on sequencing by the princi-
ple of synthesis. First, a sequencing primer is hybridized to a single-stranded DNA
template in the presence of the enzymes, DNA polymerase, ATP sulfurylase, lucif-
erase, and apyrase, and the substrates, adenosine 5’ phosphosulfate (APS) and
luciferin.13–15

The first of 4 dNTPs are then added to the reaction and DNA polymerase incorpo-
rates it only if it is complementary to the base in the template strand. Each incorpora-
tion event is accompanied by the release of pyrophosphate in a quantity equimolar to
the amount of incorporated nucleotide (Fig. 8, step 2).

Fig. 6. DNA Sequencing by Dideoxynucleotide (ddNTP) Chain Termination (Sanger). Copying
of the DNA by the polymerase is terminated at specific positions when a ddNTP is incorpo-
rated. The ddNTP is mixed with deoxynucleotides (dNTPs) so that in each reaction, only some
new strands terminate, whereas others continue through to the next complementary nucle-
otide. The sequencing products can be visualized by autoradiography or by laser scanning in
an automated sequencer. (From Belmont JW. Molecular methods. In: Rich RR, Fleisher TA,
Shearer WT, et al, editors. Clinical immunology: principles and practice. Philadelphia: Elsev-
ier; 2018; p. 1297–1310; with permission.)
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ATP sulfurylase quantitatively converts pyrophosphate to ATP in the presence of
APS. This ATP drives the luciferase-mediated conversion of luciferin to oxyluciferin,
which generates visible light in amounts proportional to the ATP generated. The light
produced in the luciferase-catalyzed reaction is detected by a charge-coupled device
camera and seen as a peak in a pyrogram. The height of each peak is proportional to
the number of a specific nucleotide incorporated (see Fig. 8, step 3).
Apyrase, a nucleotide degrading enzyme, continuously degrades ATP and unincor-

porated dNTPs. Apyrase switches off the light-promoting reaction and regenerates
the reaction solution. The next dNTP is then added (see Fig. 8, step 4).
The addition of dNTPs is performed one at a time (G then C then T then A then G

then C then T, and so forth). As the process continues, the cDNA strand is built up
and the nucleotide sequence is determined from the signal peaks in the Pyrogram
(see Fig. 8, Step 5).
Deoxyadenosine alpha-thiotriphosphate is used as a substitute for dATP because it

is used efficiently by DNA polymerase but is not recognized by luciferase.

DENATURING GRADIENT GEL ELECTROPHORESIS

Denaturing gradient gel electrophoresis (DGGE) is a widespread technique that can be
used to separate similar-sized fragments of DNA or RNA based on the composition of
the double-stranded fragments. The melting temperature (for example the tempera-
ture at which base pairs in a dsDNA fragment lose their bond) depends on the
base-pair composition of a fragment. Even in the case of a 1 base-pair substitution,
the fragment melts at a different temperature.16

By adding a GC-rich tail (called a GC clamp) to one of the primers for the amplifica-
tion, a fragment is produced that only partially melts when it is run into a denaturing

Fig. 7. Next-generation Sanger sequencing using only 1 tube and fluorescent-labeled
ddNTPs. (From Bluth MJ, Bluth MH. Molecular pathology techniques. Clin Lab Med
2013;33(4):760; with permission.)
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Fig. 8. Stepwise illustration of the pyrosequencing method. (Courtesy of QIAGEN.)
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gradient gel. The GC clamp remains double stranded, which causes the fragment to
stop migrating when it reaches a certain point in the gel. This process occurs at a
different position in the gel when 1 or more base pairs are substituted, deleted, or
inserted. Therefore, allelic variation or mutation can be detected (Fig. 9) using this
method.17 Clinically, DGGE could be used to confirm the presence of and distinguish
between which types of mycobacteria are present in a sample.18 It can also be used to
determine what mutations exist in BRCA1 and BRCA2 genes of an individual.19

In this method, the gradient is typically a urea and formamide (UF) gradient. The use
of the UF gradient results in the ability to run the gel at a much lower temperature than
without, using the gradient. A 10% increase in UF concentration has the same effect
as a 3.2�C increase in temperature.

HIGH-RESOLUTION MELTING ANALYSIS

High-resolution melting analysis (HRM) is a technique for fast, high-throughput post-
PCR analysis of genetic mutations or variance in nucleic acid sequences. It enables
researchers to detect and categorize genetic mutations rapidly (eg, SNPs), identify
new genetic variants without sequencing (gene scanning), or determine the genetic
variation in a population (eg, viral diversity) before sequencing.
The first step of the HRM protocol is the amplification of the region of interest, using

standard PCR techniques, in the presence of a specialized dsDNA binding dye (such
as SYBR Green). This specialized dye is highly fluorescent when bound to dsDNA and
poorly fluorescent in the unbound state. This change allows the user to monitor the
DNA amplification during PCR (as in real time PCR).

Fig. 9. Illustration of DGGE. Lane 1: homozygous GC. Lane 2: heterozygous sample. Lane 3:
homozygous AT. (Courtesy of Dr R.W.M. Hofstra, Groningen, The Netherlands.)
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After completion of thePCRstep, aHRMcurve is producedby increasing the temper-
ature of the PCR product, typically in increments of 0.008�C to 0.2�C, thereby gradually
denaturing an amplified DNA target. Because SYBR Green is only fluorescent when
bound to dsDNA, fluorescence decreases as duplexDNA is denatured,which produces
a characteristic melting profile; this is termed melting analysis. The melting profile de-
pends on the length, GC content, sequence, and heterozygosity of the amplified target.
When set up correctly, HRM is sensitive enough to allow the detection of a single base
change between otherwise identical nucleotide sequences.20,21

SOUTHERN AND NORTHERN HYBRIDIZATIONS

Both Southern and Northern hybridizations combine electrophoretic separation of test
nucleic acid with transfer to a solid support and subsequent hybridization. These as-
says, therefore, not only give information about the presence of hybridization but also
permit determination of the molecular weight of the hybridizing species.
The original procedure was termed Southern blot hybridization or Southern blotting,

after its inventor, E.M. Southern. In this assay, the sample is DNA. Northern blotting
was named by analogy for the technique using RNA samples. (Extending the analogy
even further, the Western blot is a similar procedure in which proteins are subjected to
electrophoresis and transfer; a Southwestern blot has been described for a technique
separating and blotting DNA followed by incubation with protein solutions to permit
evaluation of specific DNA-binding proteins.)
Sample preparation is time-consuming and labor intensive for both of these tech-

niques. Degradation of sample nucleic acids is not tolerated by the assays, and a rela-
tively large amount of starting material is required. For Southern hybridizations, the DNA
must be purified with minimal shearing because sizing of the DNA fragments is achieved
through digestion with 1 or more restriction enzymes. Shearing and degradation intro-
duce random breaks in the sample, reducing the quantity available to be cut specifically
at appropriate recognition sequences. Impurities in the sample may interfere with the
activity and sequence specificity of the restriction enzyme. Partially or improperly
digested samples can produce spurious band sizes or result in such a reduced concen-
tration of the specific band that it is no longer detected during hybridization. For North-
ern hybridizations, the startingmaterial is RNA, and extreme caremust be taken to avoid
degradation during sample collection and preparation because of the ubiquitous nature
of RNases. RNA is composed of fragment sizes determined by transcription and pro-
cessing of message and ribosomal RNA. It is not digested before electrophoresis but
is separated under denaturing conditions to remove secondary structure.
The size-separated fragments in the agarose gel are then transferred to a nylon or

nitrocellulose membrane. As originally designed, the transfer occurred passively
through capillary action. Most current applications use vacuum or pressure to speed
the transfer. After transfer, baking or ultraviolet cross-linking immobilizes the nucleic
acids and the entire membrane is then hybridized with labeled probe under stringent
conditions.
Hybridization is followed by autoradiographic, colorimetric, or chemiluminescent

detection of bands that are bound to the probe. Interpretation involves both detection
of a hybridizing species and determination of the molecular weight of the molecule.
These technically demanding assays require several days to perform but may be
required in clinical applications in which the information cannot be obtained in any
other format. The presence of bands at molecular weights different from normal or
germline (developmentally unaltered) samples can indicate a change in the genetic
material.22–25
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RESTRICTION FRAGMENT LENGTH POLYMORPHISM ANALYSIS

Restriction fragment length polymorphism (RFLP) analysis is a method that uses re-
striction endonuclease digestion of DNA and gel electrophoretics separation of the
resulting fragments (Fig. 10). This technique allows the study of small variances called
polymorphisms that occur in the DNA sequences between individuals of the same
species. These variances occur in the form of differing numbers of small sequence re-
peats of DNA—called tandem repeats, minisatellites, and microsatellites—that are
normally found in the noncoding regions of DNA. Polymorphisms can occur as a result
of mutations—deletions, inversions, additions, substitutions, and translocations—to
the DNA sequence.

Fig. 10. Process illustrating RFLP analysis. (Courtesy of Santa Monica College, Santa Monica,
CA.)
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Briefly, DNA is carefully isolated (so as to cause as little degradation andmechanical
fragmentation as possible) and then digested with a particular endonuclease. The
digested DNA is electrophoretically separated in an agarose gel. At this point the
separated DNA samples can be viewed using DNA binding dyes, such as ethidium
bromide, to compare the banding patterns. Alternatively, the DNA fragments can be
Southern blotted (discussed previously), hybridized with labeled probes, and then
analyzed.
Therefore, if DNA were digested from 2 individuals (excluding identical twins and

clones) and the resulting fragments separated by gel electrophoresis, some differ-
ences may be found in the 2 resulting banding patterns because of the differing num-
ber of tandem repeats between restriction sites from one individual to another.
Analysis of the banding of an individual yields what is commonly known as a “genetic
fingerprint.” Using RFLP analysis, a difference can also be observed in the RFLP pat-
terns between normal and diseased tissue (for example tumor) from the same individ-
ual. If a tumor results from a genetic alteration (mutation), that alteration may result in a
change in the size of 1 or more bands as a result of additions or deletions of DNA. In
addition, single-nucleotide alterations may be observable via RFLP analysis if the
alteration occurs within the sequence of just 1 of the endonuclease restriction sites,
rendering that particular site unrecognizable to and uncut by the enzyme, which ulti-
mately changes the banding pattern.26

REVERSE LINE BLOT HYBRIDIZATION

Reverse line blot hybridization, also called spacer oligonucleotide typing (spoligotyp-
ing),27 is a method that can detect and identify pathogens based on the presence and
comparison of pathogen-specific genes and is useful for confirming the presence of
specific pathogens and a proper course of treatment based on possible multidrug
resistance. For example, wild-type M tuberculosis is a slow-growing bacterium,
requiring 2 weeks to 6 weeks to culture, and is sensitive to treatment with rifampicin
(RIF). Mutations in the rpoB gene can render it resistant to RIF. Using this information,
the mutation hot-spot region of the rpoB gene is first amplified by mpPCR using as
many as 20 different biotinylated primers, which yield labeled amplified products.28

The PCR products are hybridized to a set of wild-type and mutant oligonucleotide
probes, which are covalently bound to a membrane, by reverse line blotting
(Fig. 11). It is called “reverse” because, in contrast to Southern or Northern blotting,
where the sample is transferred onto a membrane and then probed, the probe is first
systematically bound to the membrane and the sample is then hybridized to it.
Positive hybridization is detected on film after streptavidin-peroxidase incubation

and enhanced chemiluminescence. RIF-sensitive strains only hybridize with the
wild-type probes, whereas resistant strains fail to hybridize with 1 or more wild-type
probes and show additional hybridization signals for the mutant probes (Fig. 12).
The resultant hybridization pattern elucidates the genotype of the M tuberculosis
and thus a proper treatment protocol.

HYBRID CAPTURE

Hybrid capture is a nucleic acid hybridization technology that can precede signal
amplification and often uses fluorophore or chemiluminescent detection. To date, hu-
man papillomavirus (HPV) cannot be cultured in vitro, and immunologic tests are inad-
equate to determine the presence of HPV cervical infection. Indirect evidence of
anogenital HPV infection can be obtained through physical examination and by the
presence of characteristic cellular changes associated with viral replication in
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Papanicolaou smear or biopsy specimens. Alternately, biopsies can be analyzed by
nucleic acid hybridization to detect the presence of HPV DNA directly. In cases of
modern molecular-based HPV tests, specimens containing the target DNA hybridize
with a specific HPV RNA probe cocktail. The resultant RNA:DNA hybrids are captured
onto the surface of a solid media (for example a microplate well coated with antibodies
specific for RNA:DNA hybrids or covalently linked to beads). Immobilized hybrids are
then reacted with alkaline phosphatase–conjugated antibodies specific for the
RNA:DNA hybrids and detected with a chemiluminescent substrate. Several alkaline
phosphatase molecules are conjugated to each antibody. Multiple conjugated anti-
bodies bind to each captured hybrid, resulting in substantial signal amplification. As
the substrate is cleaved by the bound alkaline phosphatase, light is emitted that is
measured as relative light units on a luminometer (Fig. 13). The intensity of the light
emitted denotes the presence or absence of target DNA in the specimen.29 In the

Fig. 11. Preparation of the probe-labeled reverse line blot hybridization membrane. (From
Bluth MJ, Bluth MH. Molecular pathology techniques. Clin Lab Med 2013;33(4):766; with
permission.)
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case of HPV, although this technique can elucidate the presence and load of the virus,
it cannot determine which specific types of HPV are present. For the identification of
the HPV strains present in the sample, PCR with HPV strain–specific primers would be
required.30

BRANCHED DNA ASSAYS

In contrast with techniques that rely on PCR, the sensitivity of branched DNA
(bDNA) methods is achieved by signal amplification on the bDNA probe after direct
binding of a large hybridization complex to the RNA target sequence. This series of
hybridization steps results in a sandwich complex of probes and target sequence.
These unusual synthetic oligonucleotides are composed of a primary sequence and

Fig. 12. Results of a reverse line blot hybridization assay. (From Bluth MJ, Bluth MH. Molec-
ular pathology techniques. Clin Lab Med 2013;33(4):767; with permission.)
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secondary sequences that result in a branched structure extending from the pri-
mary sequence.
There is no synthesis reaction taking place. There are 2 steps, however, to this

assay: the capturing step and the signal amplification step. In the capturing step, there
are 2 capturing oligonucleotide probes: the capture probe and the capture extender
probe. The capture probe is linked to the bottom of a microwell plate much like the
one used in hybrid capture. The capture extender probe hybridizes to both the capture
probe and a specific sequence on the target RNA, effectively anchoring it to the solid
medium (bottom of the microwell plate). The assay then continues to the signal ampli-
fication step whereby label extender probes are hybridized to specific sequences at
precise distances from each other on the target RNA. The label extender probes are
designed to serve as platforms for hybridization to preamplifier probes, which only
remain attached if hybridized to 2 adjacent label extender probes. Next, amplifier
probes, oligonucleotides labeled with alkaline phosphatase, are hybridized to the pre-
amplifier probes. Finally, the assay is treated with a chemoreactive substrate that fa-
cilitates the chemiluminescent reaction and is read by a luminometer. This assay can
be multiplexed by linking the capture probe to beads instead of the surface of a micro-
well (Fig. 14).
The signal in the bDNA assay is proportional to the number of alkaline phosphatase–

labeled probes that hybridize to bDNA secondary sequences. As such, the target RNA
can be blocked with blocking probes to increase the stringency of the primary probes
bound to it. As with all chemiluminescent-based assays of this type, quantification is
achieved by establishing a standard curve as well as negative and positive controls for
each run.31

Fig. 13. Hybrid capture test principle. (Principles of the hybrid capture test with permission
from QIAGEN.)
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IN SITU HYBRIDIZATION

In situ hybridization is simply the detection of specific genetic information within
a morphologic context.32 In situ hybridization facilitates simultaneous detection,
localization, and quantification of individual DNA or RNA molecules at the cellular
level in a fixed sample using labeled oligonucleotides or peptides as probes.
This specialized type of solid-support assay involves taking morphologically
intact tissue, cells, or chromosomes affixed to a glass microscope slide through
the hybridization process. Briefly, after a tissue sample is fixed, it is permeabilized
and labeled probes are added and allowed to hybridize to target molecules.
The samples are then washed and viewed using bright-field or fluorescent
microscopy.
Autoradiographic in situ hybridization, chromogenic in situ hybridization33 (CISH),

and fluorescence in situ hybridization (FISH) methods of detection have been applied.
Evaluation of the final product is analogous to evaluation of immunohistochemistry
and requires experience in histopathology. The strength of the method lies in linking
microscopic morphologic evaluation with detection via hybridization.
The method also has applications in cytogenetic analysis of metaphase chromo-

some spreads or of interphase nuclei. In this context, the detection is usually accom-
plished via FISH. Detecting numerical aberrations or translocations of chromosomes
can be achieved rapidly using probes for specific targets. FISH avoids some of the dif-
ficulties of conventional cytogenetics and may have greater sensitivity for some tar-
gets. Although FISH cannot completely replace karyotyping, it can complement and
reduce the need for the frequency of cytogenetic analysis.34

Newer variations of FISH and CISH are exploiting the possibilities of automation
(fast-FISH) and expanding the information that can be obtained in a single assay. Fluo-
rescence immunophenotyping and interphase cytogenetics as a tool for investigation
of neoplasms (FICTION) combines immunophenotyping with FISH, gold-facilitated
in situ hybridization (GOLDFISH) is a gold-enhanced bright field chromogenic in situ
gene amplification assay,35 and fiber FISH makes it possible to detect and map chro-
mosomal break points simultaneously. In situ hybridization can be labor intensive and

Fig. 14. Illustration of virus detection using the Qauntiplex 3.0 assay via bDNA technology
developed by the Bayer Corporation. (From Campàs M, Katakis I. DNA biochip arraying,
detection and amplification strategies. Trends Analyt Chem 2004;23(1):59; with permission.)
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tedious and, because of the extremely labile nature of mRNA, gives inconsistent re-
sults for molecular diagnostic purposes. Recent improvements, however, resulting
in automated processing of slides through the assay, hold much promise for more
widespread adoption of this technique.

Mass Spectrometry

Mass spectrometry (MS) is a technique that allows for the characterization/identifica-
tion and quantification of molecules based on their mass and their ability to be posi-
tively ionized using a mass spectrometer.36 Briefly, a molecule or mixture of
molecules is first solubilized and then subsequently vaporized by a heat source. The
vaporized molecules are simultaneously positively ionized by bombardment with
high-speed electrons, causing electrons resident to the molecules to get displaced,
resulting in molecules with a net positive charge. The ionized particles are then accel-
erated, typically along a U-shaped channel, which is sequentially lined by positively
electrocharged deflector plates (some devices also use magnetic plates as well) until
the particles collide with a detector plate, which records both the mass and charge of
the colliding particle. The device then generates a spectrum of whole and fragmented
particles based on mass and charge, which can be used for further analysis (Fig. 15).
Although this technique is powerful in its ability to help us analyze and quantify mol-

ecules, it alone is limited by the fragmentation it causes to larger molecules like pro-
teins and strands of DNA.37

Chromatography-Coupled Mass Spectrometry

In an effort to cut down on the background that can result from a mass spectrograph
composed of numerous different molecules and their fragments, MS can be coupled
with either liquid chromatography or gas chromatography, which can fractionate

Fig. 15. A schematic view of the components of gas chromatography–mass spectroscopy
instrumentation. On the left of the figure is the gas chromatographic system, where a vola-
tilized compound is moved by an inert gas over a column consisting of rings coated with a
liquid. Compounds C, B, and A separate on this column and are maintained in the gas phase
by the oven that surrounds the column. The separated compounds then enter the mass
spectrometer on the right side of the figure, where they are subjected to bombardment
by electrons, resulting in molecule ion species. These ionic species then are accelerated in
a field and are passed through an electric quadrupole field. Only those ions with a narrow
range of mass/charge ratios pass through the tuned field so that they strike the detector.
The electric currents that result are digitalized and stored in a computer that analyzes
the data. (From Pincus MR, Bluth MH, Abraham NZ. Toxicology and therapeutic drug moni-
toring. In: McPherson RA, Pincus MR, editors. Henry’s clinical diagnosis and management by
laboratory methods. 23rd edition. New York: Saunders; 2017. p. 329; with permission.)
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mixtures of molecules into purer samples before being fed directly into the mass spec-
trometer. Similar limitations exist, however, for the analysis of larger molecules.

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry

As discussed previously, the fragmentation of larger molecules, which results from
their ionization via bombardment with high-speed electrons, is largely the reason
why basic MS is unsuitable for analysis of biomolecules, such as proteins, peptides,
or polymerized DNA. A newer methodology, however, for the ionization of molecules
called matrix-assisted laser desorption/ionization (MALDI) has eliminated this short-
coming. Briefly, in MALDI, molecules in solution are applied to a crystalline matrix
and allowed to dry. The sample andmatrix material are then pulsed with a laser, vapor-
izing the sample from the matrix. Finally, the vaporized sample is ionized by proton-
ation or deprotonation and is subsequently propelled through the apparatus
(discussed previously).38 This method of ionization results in far less fragmentation
of these larger molecules. This allows for the analysis of mixtures of biomolecules
found in cells.

Matrix-Assisted Laser Desorption/Ionization Time of Flight

For the study of larger molecules, such as biomolecules, an additional variation in the
methodology has evolved where instead of simply analyzing the charge and mass of
the molecules that strike the detector, the MS apparatus is outfitted with ion reflectors,
which significantly increase the time of flight (TOF) of the molecules.39 The differences
in TOF are used in the analysis of the molecules resulting in a much greater sensitivity
in identifying and quantifying the types of biomolecules present in the sample. This
methodology has become increasingly more common in identifying the presence,
numbers, and types of microorganisms in clinical samples40–42 (Fig. 16).

Fig. 16. Positive ion MALDI linear TOF mass spectra of intact spores of Plasmopara halstedii,
Plasmopara viticola,Peronospora rubi, andPseudoperonospora cubensis.Themicroorganisms
were used in a concentration of 2 to 5 � 109 spores per mL. All experiments were performed
on a Microflex LRF20 MALDI-TOF mass spectrometer (Bruker Daltonik, Bremen, Germany).
(From Chalupová J, Raus M, Sedlá�rová M, et al. Identification of fungal microorganisms by
MALDI-TOF mass spectrometry. Biotechnol Adv 2014;32(1):236; with permission.)
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Desorption Electrospray Ionization Mass Spectrometry

Another method by which to desorb and ionize the sample is by desorption electro-
spray ionization (DESI), in which the sample is dissolved in a fast-moving, ionic sol-
vent, which causes ionization of the sample molecules but in a much gentler way
than MALDI. This results in a greater maintenance of molecular integrity, allowing
for the analysis of such things as protein-protein interactions, pharmacokinetics,
and the molecular profiling of oncological biomarkers from living tissue in
real time.43 DESI can also be combined with MALDI and TOF analysis for
MALDESI-TOF.

OTHER TECHNOLOGIES

Microarray-based technologies have the capacity to interrogate tens of thousands of
genes at one time. As such, although array-based algorithms have been Food and
Drug Administration approved in selective cases (p450 cytochrome oxidase), the
application of the clinical marketplace is not well defined. General array–based and
allele-specific (AS) methods, including AS oligonucleotide hybridization (ASOH) (for
example dot blot analysis), AS-PCR, oligonucleotide ligation assay (OLA), pyrose-
quencing with applications to detection of cystic fibrosis CFTR (AS-PCR and OLA),
a1-antitrypsin deficiency, phenylketonuria mutations (AS-PCR), and low-resolution
HLA typing (ASOH), KRAS, BRAF, LINE1 methylation mutations in multiple tumor
types (pyrosequencing), among others, can be found elsewhere.44,45 Time will deter-
mine, however, how such methods are to be interpreted, reported to physicians, and
ultimately used for effective patient management.
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INTRODUCTION

In this era of personalized medicine, a plethora of molecular markers are emerging to
be used as novel tools in molecular pathology. The role of the pathologist is no longer
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KEY POINTS

� The microRNAs (miRNAs) have immense potential in the clinical arena because they can
be detected in the blood, serum, tissues (fresh and formalin-fixed paraffin-embedded),
and also, fine-needle aspirate specimens. Recently novel in situ hybridization techniques
have been described to detect miRNAs in tissues, which enables direct miRNA and his-
tomorphologic correlation.

� Identification of novel molecular miRNAs and their target oncogenomic signatures have
the potential to significantly impact clinical management.

� Incorporating miRNA expression profiling on tissue samples in the future may not only
confirm diagnosis categorizing diseases and their subtypes but also may predict drug
response in helping clinicians define the precise therapy to each individual.

� Increasing the knowledge of disease progression and tumor recurrence might also
improve the development of personalized therapies.

� The most attractive feature of miRNA-based therapy is that a single miRNA could be useful
for targeting multiple genes that are deregulated in cancers, which can be further investi-
gated through systems biology and network analysis that will allow designing cancer-
specific personalized therapy.
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confined to being behind the glass slide. Rapid advances in the fields of molecular
biology and medicine have led to the development of the newly maturing field of mo-
lecular pathology, which has ramifications for the therapeutic management of pa-
tients. This field incorporates the use of cellular molecules in the clinical arena for
early and accurate diagnosis, determining prognosis and risk stratification of disease,
as therapeutic targets for designing molecular therapies, disease surveillance, and
more recently prevention of disease progression and metastasis.
The field of molecular pathology has revolutionized clinical medicine. It further di-

rects to the development of a novel branch of molecular pharmacotherapeutics.
This is a newly developed branch of pharmacology that evaluates the impact of human
genetic variations that affect individual drug responses and further analyzes mecha-
nisms to overcome drug resistance and tailor pharmacologic drug response based
on molecular alterations within cells. It includes the potential and challenges of drug
optimization, the implications for drug development and regulation, ethical and social
aspects of pharmacogenomics, signal transduction, the use of knockout mice, and
informed consent process in pharmacogenetic research. Based on gene expression
patterns seen in different tumors in individualized patients, the tumor is classified
into different genotypes and treated based on an independent set of molecular and
genetic characteristics.1 This molecular tumor profile is then used to select specific
targeted treatment approaches for patients with specific types of cancer.2 Further-
more, the response to molecular-based therapy is then evaluated, taking into consid-
eration the patients’ individual drug response and drug resistance of the tumor cells if
any, and methods to overcome the same are explored.3

Recent literature reveals a deluge of several small molecule inhibitors with possible
clinical use in future clinical trials.4,5 However, before they can be brought into the clin-
ical arena, there is an ongoing process of drug evaluation in vitro and in animal models.
This has resulted in significant expansion of the responsibilities of the pathologist in
identifying druggable targets, prognostic biomarkers, histopathologic risk predictors,
and further assisting in developing molecular targeted therapies. It is in the realm of the
pathologist to identify these small molecules, which can be targeted through these
small molecule inhibitors. After the small molecular alterations are identified in a sub-
set of tumor types, these are stratified by the pathologist into those that develop early
in the course of carcinogenesis, making them relevant biomarkers of disease identifi-
cation for early and accurate diagnosis. Additionally, the pathologist evaluates
whether these small molecules can be used in risk stratification and to determine
prognosis in specific tumors. Furthermore, the pathologist can assist in the drug trials
in determining the efficacy of small molecule inhibitors in reducing the size of the tu-
mor, reducing the number of tumor cells, and the overall tumor burden leading to path-
ologic and microscopic identification of druggable target molecules.
One recently described class of molecule that is showing far-reaching clinical

effects in molecular pathology is that encompassing microRNA (miRNA) biology and
technology.6,7 These are small, noncoding endogenous single-stranded RNAs
comprising only 19 to 25 nucleotides in length but on average of approximately 22
nucleotides in length.6,7 First described in 1993, these molecules are actively
comprised in the regulation of multiple physiologic and pathologic procedures in
humans, animals, and plants. They regulate the physiologic embryonic stem cell dif-
ferentiation,7,8 and recent studies have also demonstrated their key roles in the path-
ogenetic evolution, progression, and metastasis of carcinomas.9–11

The proposed mechanism of action of miRNAs is through the posttranscriptional
gene expression regulation through the 30 untranslated region binding of target
mRNAs.7,8 This causes mRNA degradation or suppression of their translation to
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functional proteins.4 Transcripts complementary to the 30 untranslated region govern
the translation by the RNA-RNA interaction. This results in the translational suppres-
sion or cleavage of the targeted mRNA because of the damaged complementarity be-
tween miRNA and mRNA. The miRNA genes transcript occurs by RNA polymerase II
or III, which then yield primary miRNA. The location of maximum miRNA genes is in
intergenic regions approximately 1 kilobase away from annotated genes.7,8

In addition to general transcriptional regulation of mRNA expression and translation,
miRNAs also influence the development, progression, and metastasis of can-
cers.6–8,12–14 Their functional effect may differ depending on their expression levels.
They have either an oncogenic potential or tumor-suppressor effect depending on
their downstream impact on target genes and thereby controlling the biologic manifes-
tations of cancers.
Emerging evidence suggests that cancer stem cells (CSCs) and epithelial-to-

mesenchymal transition phenotypic cells are regulated by the expression of miRNAs,
implicating their role in chemo resistance and cancer metastasis.15–17 There is evi-
dence that these molecules are critical in the formation of CSCs, making them poten-
tial targets for overcoming drug resistance. Additionally, they have been proposed to
have a part in the epithelial-to-mesenchymal transition phenomenon with implications
in cancer drug resistance and metastasis.17

CLINICAL PERSPECTIVE

Cancers are a common clinical problem worldwide, leading to immense mortality,
morbidity, and escalating health care costs. Despite rapid technologic and clinical ad-
vances, the cancer-relatedmortality andmorbidity remain high, which also impacts pa-
tients’ quality of life. Recent advances in the imaging and diagnostic modalities have
resulted in early diagnosis of many cancers wherein select treatments have led to
miraculous results with significant reduction in patient anguish. However, many malig-
nancies remain occult until they have reached the late stages of the disease or have
metastasized. The best of treatment options, including multimodal therapeutic ap-
proaches, have yielded minimal success in such instances. This underlines the need
to use novel technologic advances in molecular biology from bench to patient bedside
for clinical patient management. Moreover, the molecular mechanism of carcinogen-
esis, progression, and metastasis in some cancers is still largely unknown despite
the “omics” revolution, which clearly suggests that further development in the areas
of molecular signatures of disease aggressiveness is urgently needed.
Rapid progress occurring in technology and knowledge of molecular pathology has

prompted a paradigm shift in the therapeutic patient management in the clinical arena.
There isevidenceof increasing integrationofmolecularmarkerswithclinical andmorpho-
logic disease criteria to yield clinically relevant diagnostic, prognostic, and therapeutic al-
gorithms for patient management. Moreover, selection of molecular targeted therapies
and determination of prognosis and risk stratification of patients are being based on
genomic and proteomicmolecular diagnostic and prognostic signatures for patient care.
There is a unique opportunity to think outside the box and look at clinical problems

in an analytical manner to solve cancer research dilemmas for the ultimate benefit of
patients. Newly developed high-throughput, quantitative image-based methodologies
for analysis and subcellular identification of alteration in cancers hold extreme promise
in this regard. However, before these can be clinically applicable, they need to be
correlated with the morphologic and clinical findings.
Cellular molecules, such as miRNAs, have an immense potential in the clinical realm

of molecular pathology. Furthermore, one particular miRNA may target multiple genes
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in a context-dependent manner, suggesting that targeted deregulation of 1 miRNA will
have effects on multiple targets, which seems to be an attractive attribute for cancer
therapy. Therefore, modulating activity of miRNAs may provide openings for novel
cancer interventions. They have widespread clinical application in various aspects
of patient care because their expression levels vary in different tumors and also alter
with the disease progression.
Several miRNAs with oncogenic potential have been demonstrated to be upregu-

lated in cancers and miRNAs with tumor-suppressive effect are downregulated in ma-
lignancies. Translating the application of miRNAs in clinical context has been
enhanced by the applicability of several novel high-throughput multiplex technologies
on a wide variety of patient samples, including blood, serum, tissues (fresh and
formalin-fixed paraffin-embedded [FFPE]), and cerebrospinal fluid.12,13,18–20 Apart
from being able to decipher small molecules, these technologies lower laboratory
costs, increase operational productivity, and enhance yield.21–24 These are an integral
part of the clinical armamentarium of the new-age pathologist, which has strength-
ened diagnostic capabilities in the move forward into the era of precision medicine.
Therapeutic decision-making and patient clinical management in the current clinical

practice is being dictated more by alterations occurring in the tumor microenviron-
ment at the molecular level, namely genetic, epigenetic, miRNA, and multispectral
protein levels than by the histomorphology spectrum alone. This has led to a multi-
system approach to a patient that includes a team composed of several clinicians
with expertise in medical, surgical, pathology, molecular biology, and pharmacother-
apeutics working together in synergy for the maximum benefit of the patient, mini-
mizing the side effects and using drugs with targeted approach to achieve the goal
of personalized medicine.

USE OF MOLECULAR PATHOLOGY PRACTICE

Molecular diagnostic applications are now an integral part of the management algo-
rithms of several solid tumors. With the use of molecular diagnostics in oncology, pa-
thologists hope to assist early and accurate diagnosis of malignant disease processes
during initial workup. Molecular diagnostics also can help in risk stratification based on
molecular parameters. Additionally, one can use the molecular biomarkers for disease
surveillance during treatment and follow-up. Emerging evidence directed to the com-
plex molecular changes involved in the development and progression of different ma-
lignancies produced innovative diagnostic molecular tools leading to the introduction
of targeted therapies. In lung cancer, miR-27a regulation of MET, EGFR, and Sprouty2
is being explored for targeted therapies.25 The promising therapeutic targets for pa-
tients with osteosarcoma include integrin, ezrin, statin, NOTCH/HES1, matrix metallo-
proteinases, and miR-215.26 The miR-205BP/S3 is a possible promising therapeutic
modality for melanoma.27 The miR-34a may act as a tumor-suppressor miRNA of he-
patocellular carcinoma, and current efforts are under way to evaluate strategies to in-
crease miR-34a level as a critical targeted therapy for hepatocellular carcinoma.28

Promising candidate biomarkers are being discovered that may soon switch to the
realm of clinical management of malignancies. There is a need for new and improved
molecular-based treatment options to improve on the modest outcome in patients
with cancer. Prognostic molecular biomarkers require validation, which may be chal-
lenging at times, to help clinicians classify patients in need of early diagnosis. Recog-
nizing predictive biomarkers that will stratify response to developing targeted
therapeutics is additionally required in arenas of cancer research and patient manage-
ment. Furthermore, there is a need to identify clinically strong molecular tests to
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classify patients who are further responsive to certain drugs, in the early treatment
design based on well-certified molecular prognosticators.
Scientific discoveries of molecular markers are often prematurely highlighted before

the completion of clinical trials to establish appropriate application to disease. Before
clinicians can use the molecular findings for clinical patient use, there is a need for
evidence-based guidelines established by knowledgeable clinicians to communicate
emerging molecular clinical standards.

ROLE OF microRNAs IN CLINICAL SPECIMENS

miRNA research has advanced within a decade from one publication to thousands of
publications describing their role in gene regulation. miRNA expression profiling has
been recently evaluated as a reliable diagnostic biomarker for differentiating between
normal and tumor specimens.6–8,12,29,30 It has shown to be deregulated in multiple
cancers in human and mouse models, and has proved to play a critical role in the
development and progression of the tumor.6,7,12,29,30 Most of the miRNAs are differen-
tially expressed, whereas some of them discriminate totally between normal and
tumorigenic samples. The miRNA expression enhances (oncogenic miRNA) or re-
duces (tumor suppressor) as the tumor progresses and was found to be associated
with drug resistance.31

This discovery of miRNA a decade ago, as a diagnostic and prognostic marker, has
now led to miRNA-based targeted therapy in vitro, and may selectively predict better
treatment outcome for patients with cancer. In addition, classification of an unknown
tumor may be possible by the alteration of tumor-specific miRNA.32 The nomenclature
for assigning names to novel miRNAs for publication in peer-reviewed journals is done
by miRBase, which is the central repository for miRNA sequence information.33 It has
an online database with all published miRNA sequences with links to the primary liter-
ature and to other secondary databases. Although somemiRNAs are tumor specific,32

miR-21 has proved to be the global oncogenic miRNA in many solid tumors.34–39 The
miRNAs with oncogenic potential includemiR-155, miR-17 to 92, andmiR-21,7 but it is
not limited to these alone. The level of expression of miR-155 is upregulated in various
carcinomas.40–42 However, they are specifically significant in pancreatic cancers
where they have prognostic relevance.12,40,42,43

Similarly, miRNA let-7 family and miR-200 family is frequently downregulated in
many types of cancer, suggesting their role as a general tumor suppressor.29,44–48

Low levels of let-7 miRNA49 have been shown to have poorer prognosis with shorter
postoperative survival in human lung cancer.50 The tumor-suppressor miR-34 is
directly transactivated and induced by p53 signaling in the inhibition of human pancre-
atic cancer tumor-initiating cells.51 Based on a recent literature review, it has been
suggested that modulation of miRNAs is a novel molecular targeted therapeutic
approach for cancer in vivo.52 This has led to the development of an emerging
field of miRNA pharmacotherapeutics, which involves altering the expression of
miRNAs, which can inhibit cancer growth.44 The therapeutic strategies suggested us-
ing miRNAs include the inhibition of upregulated miRNAs and reexpression of tumor-
suppressor miRNAs. They have also been shown to affect CSCs in overcoming drug
resistance.14 Regulation of miRNA levels in patients with ongoing cancer therapies
would likely enhance the efficacy of their ongoing therapies.
Several synthetic small molecule inhibitors of miRNAs, such as chemically modified

antisense oligonucleotides called “antagomiRs,” are currently in use in vitro, targeting
against specific oncogenic miRNAs. These antagomiRs silence the overexpressed
oncogenic miRNAs in cancers by blocking their function.7,30 In animal experiments,
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antagomiRs against miR-16, miR-122, miR-192, and miR-194 were found to be effica-
cious in reducing the levels of miRNA in the liver, lung, kidney, and ovaries.52 Reex-
pression of tumor-suppressor miRNA, such as let-7, is another proposed miRNA
therapeutic strategy to upregulate tumor-suppressor miRNA by exogenously trans-
fecting with pre-let-7 that led to the inhibition of growth in vitro and in vivo.15,44 These
characteristics of miRNA suggest their potential role as novel biomarkers for diag-
nostic, prognostic, and therapeutic targets (Fig. 1).

METHODOLOGY AND CLINICAL IMPLICATIONS
Purification of microRNA from Human Plasma

The discovery of circulating miRNAs and their stability in plasma and serum is an
interesting characteristic that could be used as noninvasive biomarkers for a variety
of cancers, providing valuable tools to observe the changes during tumor progres-
sion.29 Isolating miRNA of appropriate quality and quantity from blood is critical.
Exosome RNA seems to be the richest source of miRNA in the serum or plasma.
We have successfully isolated RNA from plasma samples,29 and the detailed meth-
odology is described next. Initially, the steps are carried out on ice, but later at room

Fig. 1. Schematic representation on the relationship between CSCs and miRNAs with tumor
aggressiveness, and the role of antagomiRs and pre-miRNAs on oncogenic and tumor-
suppressive miRNAs. EMT, epithelial-to-mesenchymal transition. (From Sethi S, Ali S, Kong D,
et al. Clinical implication of microRNAs in molecular pathology. Clin Lab Med 2013;33(4):778;
with permission.)
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temperature. Approximately 250 mL of plasma from each sample is centrifuged at
1000 g for 5 minutes to remove debris. The plasma is then transferred (200 mL)
into a new tube along with 750 mL of QIAzol master mix containing 800 mL of QIAzol
and 1 mg of MS2 RNA, and incubated for 5 minutes at room temperature. To this,
200 mL of chloroform is added, mixed well, and incubated for 5 minutes at room
temperature, followed by centrifugation at 12,000 g for 15 minutes. All the subse-
quent steps are carried out at room temperature (20–25oC). The upper aqueous
phase is moved into a new microtube containing a 1.5 volume of ethanol. After mix-
ing well, the solution is then transferred onto the RNeasy Mini Spin Column with
approximately 750 mL each time, and centrifuged at 13,000 g for 30 seconds.
The flow-through is discarded, and the steps are repeated until the entire sample
is used. The RNeasy Mini Column is then washed once with 700 mL of RWT, and
3 times with 500 mL RPE provided with the kit, and centrifuged for 13,000 g for
1 minute. The flow-through is discarded each time. The RNA (containing miRNA)
is eluted with approximately 25 mL of water in a new collection tube by centrifuga-
tion and stored at 80oC.
The amount of RNA obtained from blood is usually too low a yield compared with

RNA obtained from tissue samples to be quantified using single-drop spectrophotom-
etry technology (ie, NanoDrop). However, there are several miRNAs that are detect-
able in plasma or serum samples thus displaying the presence of miRNAs. One
such miRNA is miR-21, which can be detected by conventional real-time reverse-tran-
scriptase polymerase chain reaction (RT-PCR) methodology, and is described next
with significant modification using Exiqon-Universal cDNA synthesis kit (Exiqon,
Woburn, MA).12

Reverse-Transcriptase Reaction

The RT reaction is performed by using Exiqon-Universal cDNA synthesis kit. The
cDNA for standard curve is synthesized by reverse transcription using the template
mature miRNAs, which can be prepared by diluting it with water. The RT reaction is
set up with 20 mL of sample containing 4 mL of 5x RT buffer, 2 mL of enzyme mixture,
10 mL of water, and 4mL of either the plasmamiRNA or 250 nM of standard miRNA for
1 hour at 42�C, and 5 minutes at 95�C. The cDNA samples can be stored at �20�C.

Polymerase Chain Reaction

Multiple housekeeping genes are used in triplicate for data normalization and for anal-
ysis by the standard Ct method of quantification using StepOnePlus Real-Time PCR
(Applied Biosystems, Foster City, CA). They also serve as controls for variability in
sample loading. The sample testing is performed in equivalent with standards to evade
batch effects as described next.
The miRNA standard cDNA is diluted in water. The standard curve is set up in trip-

licate with 5 points starting at 10,000, 5000, 2500, 1250, and 625 copy number. The
plasma cDNA is diluted to 20-fold. The real-time PCR reaction is set up with a total
volume of 10 mL containing 5 mL of SYBR Green (Applied Biosystems), 1 mL of
PCR primer mix, and 4 mL of either the diluted cDNA from miRNA standard or the
plasma cDNA, using standard curve model. The plasma miRNA concentration is
calculated in 10�2 pM units using the Quantity value *3.125/6.02/1000. The reproduc-
ibility of the quantitative RT-PCR (qRT-PCR) assay data confirms the efficient extrac-
tion of miRNAs from plasma samples.
The method described previously has no limitations or interferences with respect to

miRNA extraction and RT-PCR.
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METHODOLOGY USING THE MAIN RESOURCES OF FORMALIN-FIXED TISSUES

Because the availability of fresh or frozen tissue is typically limited, archival collections
of FFPE tissues are highly desirable and provide a rich source for the study of human
disease. Tissue blocks are available worldwide from nearly every patient with well-
documented clinical data including histopathologic reports, which makes it ideal to
carry out research studies. The summarized methodology of plasma and fine-
needle aspirate (FNA) samples is shown in Fig. 2. Of interest is that miRNA, because
of its strong structure and smaller size, remains protected from degradation during the
fixation process, and requires only a small amount to perform miRNA expression pro-
files or RT-PCR. A recent study using clinical specimens from prostate cancer has
demonstrated the use of this in the clinical context.6 The following section highlights
the collection of FNA from tumor mass and the fixation method.

Fig. 2. Flow chart summarizing the methodology for miRNA research using plasma and FFPE
cell blocks of FNA samples. (From Sethi S, Ali S, Kong D, et al. Clinical implication of micro-
RNAs in molecular pathology. Clin Lab Med 2013;33(4):780; with permission.)
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Fine-Needle Aspiration Tissue Collection

Diagnostic FNAs from tumor mass can be collected using a 20-gauge to 23-gauge
needle from patients with pancreatic cancer (or other cancers) who underwent
computerized tomography or endoscopic ultrasound–guided biopsy. Diagnostic
smears are stained using Diff-Quick staining (Mercedes Medical, Sarasota, FL). The
aspirates are put in fixative fluid, centrifuged, and embedded in paraffin using stan-
dard protocol, and are stained by hematoxylin-eosin for the presence of tumor cells.
Approximately 50 cells are required to obtain excellent quality and quantity of total
RNA (consisting of miRNA) to perform qRT-PCR. For the comparative purpose, normal
pancreatic tissues that are farther away from the pancreatic tumor (typically obtained
from surgical specimens) also can be similarly fixed to serve as controls.

RNA Isolation

The miRNA is isolated from FFPE tissue using RNeasy Kit (QIAGEN, Valencia, CA)
following the manufacturer’s protocol with a few modifications, which are described
next. Four 10-mm thick and approximately 1 cm in diameter tissue curls are placed
in 1 mL of xylene, mixed, and centrifuged for 2 minutes at room temperature. Onemilli-
liter of ethanol is added to the pellet and centrifuged for 2 minutes, and mixed with
240 mL of Buffer PKD along with 10 mL of proteinase K and incubated at 55�C, and
then at 80�C for 15 minutes each. The mixture is then centrifuged, and the collected
flow-through is mixed with 500 mL of buffer RBC to adjust binding conditions. The so-
lution is mixed with ethanol and applied to the RNeasy column, and washed with buffer
solution. The total RNA containing miRNA is eluted with RNase-free water. The purity
of RNA is measured by the absorption ratio at 260/280 nm and quantified using Nano-
Drop 2000 (Thermo Scientific, Pittsburgh, PA). The ratio of 260/280 typically ranges
between 1.8 and 2.1.

Real-Time Reverse-Transcriptase Polymerase Chain Reaction

The RT reaction is performed with SYBR Green miRNA-based assay using Exiqon-
Universal cDNA synthesis kit (Exiqon). The RT reaction is set up with 10 mL of sample
containing 2 mL of 5 RT buffer, 1 mL of enzyme mixture, 2 mL of water, and 10 ng of
total RNA in 5 mL for 1 hour at 42�C and 5 minutes at 95�C. All reactions for PCR are
carried out in triplicate using StepOnePlus Real-Time PCR (Applied Biosystems). The
expression level of miRNAs is analyzed using Ct method.

microRNA Profiling

The prognosis of patients with cancer remains poor. Hence, new biomarkers are
essential for early detection of cancer progression. The miRNA profiling can be useful
as biomarkers for differentiating tumor from normal samples from plasma, FNA, or
surgical tissue samples as discussed in many recent reports.6,12,29,38,53 For example,
equal amount of RNA containing miRNA and combined separately from control and
patient samples can be analyzed for miRNA microarray profiling (LC Sciences,
Houston, TX). The data are normalized using multiple housekeeping genes. Differen-
tially regulated miRNAs between normal and cancer samples are analyzed using
various statistical methodologies (eg, hierarchical clustering). Network analyses are
accomplished using World Wide Web–based bioinformatics software programs,
such as Ingenuity Pathway Analysis software (Ingenuity Systems, Redwood City,
CA) functional network analysis. Pathway analysis is a new innovative tool that reveals
the expression of deregulated12 miRNAs and their putative targets in a signaling
pathway.6,54 Because each miRNA may have more than 1 target, miRNA-based
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therapy can be beneficial to target multiple signaling pathways, which include inhibi-
tion of oncogenic miRNAs by antisense oligonucleotides or by overexpression of
tumor-suppressor miRNA by precursor miRNAs.6,30,44

ADVANCES MADE IN CHARACTERIZING microRNA PROFILING

Because there is an urgent need to investigate potential biomarkers for early detection
of malignancies in a fast and straightforward way, miRNA research has made a signif-
icant impact on many types of cancer research, revealing basic gene expression
changes toward identifying major signaling pathways involved in biomedical research.
It empowers efficient profiling of deregulated miRNAs in plasma, serum, FFPE, and
many other sample types because of their stability, which enables their detection
and analysis, thus leading to a potentially reliable biomarker. Profiling of miRNAs
not only provides access to hundreds of expressed miRNAs in the sample, but also
differentiates between healthy and diseased state. Some of the miRNAs are substan-
tially upregulated or downregulated in cancer cells or tumor tissues relative to normal
cells or normal tissues, permitting the identification of miRNA signature. Differential
expression of lead candidate miRNAs can be individually further validated by
RT-PCR; however, it is unlikely that any one of the conventional housekeeping genes
will be sufficient to normalize the data. Hence, the use of multiple housekeeping genes
for data normalization using the standard method of quantification may be the ideal
way of performing miRNA profiling. Overall, miRNA profiling is one of the most current
methods to differentiate abnormally expressed miRNAs in a set of samples.

DIAGNOSTIC AND PROGNOSTIC IMPLICATIONS OF microRNAs

Biomarkers that are predictive, prognostic, and diagnostic can be a valuable tool to
clinicians in making important decisions about patient care.6 The discovery of circu-
lating miRNAs in plasma and serum, because of their noninvasive nature, are excellent
biomarkers for a variety of cancer detection and prognostic purposes. We have pre-
viously shown circulating miRNAs as biomarkers in pancreatic cancer. A previous
report by Ali and colleagues29 has identified a group of 7 miRNAs including 2 onco-
genic and 5 tumor-suppressor miRNAs that were recognized and validated as a diag-
nostic marker in 50 plasma samples from patients with pancreatic cancer in
comparison with healthy control subjects. Similar reports on FNA from FFPE cell
blocks in patients with pancreatic cancer also identified 7 miRNAs that were differen-
tially expressed in tumor cells compared with normal tissues.12 These 7 miRNAs both
from plasma and FNA showed substantial differences in their expression level and
hence may serve as diagnostic biomarkers in the detection of cancer. In addition,
the Ingenuity networking pathway analysis in FNA study provided a unique strategy
to study various signaling pathways, which revealed 15 biofunctional network groups
relating to cancer, genetic disorder, and gastrointestinal disease that are expected to
improve prognosis and response to certain therapies.12 Other investigators also per-
formed miRNA profiling in various other solid tumors to discover a differentially
expressed panel of miRNAs in pooled samples that reached excellent diagnostic
properties to classify them as biomarkers for cancer detection.34,38,53,55 Novel high-
throughput multiplex technologies hold immense promise in this regard. However,
before these can be clinically applicable, these need to be correlated with the morpho-
logic and clinical findings to decipher those that are clinically relevant. Additional
studies are needed to edify miRNA biomarkers to reduce patient mortality, morbidity,
and introduce early diagnosis, thereby reducing health care costs and applying these
approaches to patient care.
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RECENT ADVANCES IN THE FIELD OF microRNAs

miRNAs are rapidly evolving as significant molecular markers in the fields of oncology,
clinical diagnostics, and therapeutics. Rapid advances in the diagnostic technologies
of miRNAs have led to identification of these molecules in several body fluids as circu-
lating biomarkers of disease.56 This has led to markedly increased potential of miRNAs
in the clinical arena.57 miRNA therapeutics is currently evolving with clinical applica-
tions in several disease conditions, including cardiac disorders58 and malignancies.59

Recent techniques describing purification and detection of miRNAs in the urine spec-
imens has tremendously increased the noninvasive clinical potential of this molecule in
early diagnosis, prognosis, and surveillance of different malignancies, especially uro-
thelial carcinomas.60 Not only are the miRNAs being used for oncology but also have
wide-ranging potential applications in several clinical conditions, including sepsis,61

hepatic diseases,62 including drug-induced liver injury,63 atherosclerosis,64 and Par-
kinson disease,65 among others. Prior knowledge of the action of miRNAs targeting
CSCs is now being used in the field of oncotherapeutics as a new paradigm for cancer
treatment and prevention of tumor recurrence.59 miR-17 miRNA family is currently be-
ing evaluated as a therapeutic strategy against vulvar carcinoma.66 miRNAs are also
being used to predict response to therapy in patients with malignancies, including pre-
diction of response to radiation therapy in non–small-cell lung carcinoma.67 Overall,
miRNAs hold great promise as molecular biomarkers with immense potential in early
diagnosis, prognosis, and therapeutics in wide-ranging malignancies including
ovarian cancer,68 prostate carcinoma,69 head and neck carcinomas,70 and breast car-
cinomas71 in this area of personalized medicine.

SUMMARY

The miRNAs have immense potential in the clinical arena because they can be
detected in the blood, serum, tissues (fresh and FFPE), and FNA specimens. Identifi-
cation of novel molecular miRNAs and their target oncogenomic signatures has the
potential to significantly impact clinical management. The discovery of miRNAs and
their expression profile in a wide variety of cancers has led investigators to understand
the key role of miRNAs as biomarkers during cancer progression. Incorporating
miRNA expression profiling on tissue samples in the future may not only confirm diag-
nosis categorizing diseases and their subtypes, but also may predict drug response in
helping clinicians define the precise therapy to each patient. Moreover, increasing the
knowledge of disease progression and tumor recurrence might also improve the
development of personalized therapies. The most attractive feature of miRNA-
based therapy is that a single miRNA could be useful for targeting multiple genes
that are deregulated in cancers, which can be further investigated through systems
biology and network analysis that allows designing cancer-specific personalized ther-
apy. In summary, miRNAs are poised to provide diagnostic, prognostic, and therapeu-
tic targets for several diseases, including malignancies for precision medicine.
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INTRODUCTION

When Kary Mullis developed the polymerase chain reaction (PCR) in 1983, its potential
benefits were obvious to clinical microbiologists: faster, cheaper, more accurate
detection and enumeration of all organisms in a specimen, without waiting for a cul-
ture. The discipline of infectious disease also sought the opportunity for simultaneous
antimicrobial susceptibility testing. These dreams have slowly matured into realities.
Multiplex arrays are approved or in development for the diagnosis of respiratory
and gastrointestinal infections direct from patient specimens with results obtained
in under an hour. An array was cleared by the US Food and Drug Administration
(FDA) in August, 2013 that can detect common bacterial and fungal agents of blood-
stream infections, as well as several important antibiotic-resistant genes, within about
an hour after the culture bottle turns positive. Approaches are being made to organism
identification and susceptibility testing directly from a blood sample without the
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KEY POINTS

� Molecular biological techniques have evolved expeditiously and in turn have been applied
to the detection of infectious disease.

� Maturation of these technologies and their coupling with technological advancements
have afforded clinical medicine additional tools toward expedient identification of infec-
tious organisms at concentrations and sensitivities previously unattainable.

� These advancements have been adapted in select settings toward addressing clinical
demands for more timely and effective patient management.
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necessity for culture. Microbiology lines are available, starting with automated plate
streakers and ending with molecular identification of organisms grown on solid media.
Despite these molecular and technological advancements, humans must still view the
culture plates, perhaps on a television screen, and select colonies to analyze.
Furthermore, although cost containment is of paramount importance in today’s

medical marketplace, “cheaper” is an ambiguous target. Microbiology laboratories
are diagnostic facilities that drive subsequent therapy. Increased laboratory costs
for more rapid microbial identification have been shown to result in the earlier use
of appropriate antibiotics, shorter durations of hospital stay, better outcomes, and
decreasing overall health care costs.1–3

The diagnosis of persistent human papilloma virus (HPV) infections followed by
appropriate therapeutic interventions should decrease the incidence of cervical carci-
nomas, the cost of treatment, and the attributable morbidity and mortality.
New technologies have enabled microbiologic investigations that were not included

in our original diagnostic approaches. Next-generation sequencing (NGS) can detect
and quantify populations of organisms in patient specimens. This raises the possibility
of distinguishing pathogenic organisms, present in high numbers, from colonizers that
are generally presumed to be present in lower numbers. Certain colonic organism pro-
files seem to correlate with the development of cardiovascular disease.4 A patient’s
colonic flora could be analyzed, and if the profile were unfavorable, the bacteria could
be eradicated and replaced.
Tests in use in 2018 have evolved significantly from those cited in our 2013 review5

and will continue to do so. Thus, this article is a snapshot of rapidly changing diag-
nostic microbiology laboratory techniques and its clinical applications. Emphasis
has been placed on tests with high market share in diagnostic microbiology and on
those with technologies that are personally regarded by the authors as particularly
interesting. The role of specimen processing in concentrating nucleic acid targets
and removing inhibitors of amplification is largely neglected, despite its important
role in the sensitivity of the assay. However, many new procedures are automated
and include specimen processing as part of a hands-off procedure. Most techniques
mentioned here involve real-time PCR (RT-PCR), unless otherwise specified. Because
most RT-PCR platforms are closed systems, they decrease the incidence of amplicon
contamination in the laboratory, and have allowed many nucleic acid amplification
techniques to become commercially available. The authors have also attempted to
select current citations to support salient points, and these selections are arbitrary.
Failure to mention a publication, technique, or trade name should not be construed
as denigrating that article, technique, or manufacturer.

PROBE TECHNIQUES

The first molecular diagnostic tests approved by the FDA were probe techniques.
Many probe tests are still in wide use today because they fill important niches.
Some involve novel detection methodologies.

Hybridization Protection Assays

Among the first FDA-approved molecular tests were the Gen-Probe ([San Diego, CA],
which became a wholly owned subsidiary of Hologic [Bedford, MA] in 2012). Pace 2
probe hybridization protection techniques are used for the diagnosis of Chlamydia tra-
chomatis and Neisseria gonorrhoeae from patient specimens. They have been largely
replaced by more sensitive amplification tests. A number of their AccuProbe culture
confirmation tests remain available. Among the most useful are Mycobacterium
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tuberculosis complex,Mycobacterium avium, Mycobacterium intracellulare (separately
or together), Mycobacterium kansasii, and Mycobacterium gordoni. These and other
tests available from the same manufacturer all use most of the same reagents and
instrumentation, which facilitates the use of multiple assays in the same laboratory.
These tests succeed because they target ribosomal RNA (rRNA), which is present in

up to 105 copies per organism. In bacterial ribosomes, there are common sequences,
as well as genus-specific and species-specific sequences. The culture confirmation
tests remain viable because they are intended to detect organisms in visible colonies
or in liquid medium with detectable growth. Thus, 2 amplification steps have already
been performed by nature. Sensitivities reported in the Hologic/Gen-Probe package
inserts range from 98% to 100%.
At development, these assays were novel; they were nonradioactive and performed

totally in solution, with 1 sample transfer step and no nucleic acid extraction. The hy-
bridization protection assays are based on the differential sensitivity of the acridinium
ester, which is used to distinguish the relatively labile ester on nonhybridized probes
from the more stable form in DNA–RNA hybrids. This detection system is also used
in this manufacturer’s nucleic acid amplification tests (NAATs). All the AccuProbe as-
says are similar, but the nucleic acid release steps are variable, depending on the ease
of disruption of the organism.6

The mycobacterial probe tests are particularly valuable when used in conjunction
with liquid medium or 7H11 thin-plate techniques7 used for the rapid detection and
identification of mycobacteria required by the College of American Pathologists
(Northfield, IL). Thin-plate colonies can be probed the day they are detected, and their
morphology can be used as a guide to selection of the appropriate probe. This repre-
sents significant time and money savings, although it does not eliminate the need to
grow M tuberculosis for susceptibility testing. Cultures in Middlebrook 7H9 broth
must be AFB stained to confirm the presence of mycobacteria8 and then probed
with all 4 probes. The probe techniques described are also used to detect amplifica-
tion products in amplification assays developed by GenProbe/Hologic for sexually
transmitted diseases and blood bank testing (discussed elsewhere in this article).

Hybrid capture technique
Since the 1940s, Pap smears have contributed to great advances in the prevention
and diagnosis of cervical carcinoma. In the 1980s and 1990s, it was recognized that
infection with HPV is necessary but not sufficient for the development of cervical car-
cinoma. More than 100 HPV genotypes exist, of which 13 are associated with a high
risk of cervical carcinoma (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68). More
than 70% of sexually active women become infected with HPV. Most infections, even
with high-risk organisms, resolve without apparent sequalae. Why others progress is
still unknown.9 The Digene Hybrid Capture 2 (hc2; Qiagen, Gaithersburg, MD) is FDA
approved for primary screening, and to determine whether women with atypical squa-
mous cells of undetermined significance should be subjected to culposcopy. It may be
used with the Cytyc PreservCyt Solution for the Cytyc ThinPrep Pap Test (Hologic).10

In the first step, the patient specimen is allowed to react with a pool of RNA probes
designed to hybridize specifically to the DNA of high-risk HPV strains. Antibody to
RNA/DNA hybrids coats the wells of a microtiter plate and captures any hybrids. After
washing away unbound specimen and reagents, detector antihybrid antibodies, each
conjugated with multiple molecules of alkaline phosphatase, bind to each capture
target, thereby amplifying the signal. A colorless substrate for the alkaline phospha-
tase is added and chemiluminescence develops proportional to the amount of second
antibody bound.

Diagnostic Molecular Microbiology 255

Downloaded for Anonymous User (n/a) at Wayne State University from ClinicalKey.com by Elsevier on May 22, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.



More sensitive tests, typically involving target amplification, have been devised, but
most clinical outcomes data are available with hc2. The need for more sensitivity has
been questioned, because hc2 has already been shown to be sensitive, but not highly
specific, for the development of cervical intraepithelial neoplasia or overt malignancy.
The presence of high-risk DNA below the detection limit of hc2 seems to be associ-
ated with a low risk for malignancy.9 However, new information suggests that infec-
tions acquired in the early years of sexual activity may reactivate with aging.11 If this
is supported by further studies, more sensitive assays might be indicated. There is
also a suggestion that unusual HPV strains may cause cervical carcinoma or precursor
lesions in restricted populations.12 Thus, the strains included in the assay may need
periodic review. Amplification techniques are now available which can distinguish
HPV-16 and HPV-18 from the other high-risk organisms, which has facilitated targeted
follow-up algorithms, and outcomes data are increasing so that this unique probe
technique is becoming less common. The use of hybrid capture as the basis a detec-
tion system in amplification assays is still possible, and used in some assays; however,
it is not considered a method with high sensitivity.

Peptide nucleic acid fluorescence in situ hybridization
Peptide nucleic acid fluorescence in situ hybridization (PNA-FISH; AdvanDx, Inc,
Woburn, MA, now owned by OpGen) accelerated the diagnosis of sepsis. Common
agents of sepsis can be identified in about an hour after the blood culture bottle has
been gram stained. Although behaving like a standard FISH assay, the PNA-FISH
probes consist of an uncharged peptide backbone to which the bases are attached.
This is thought to allow the probes to enter the permeabilized bacterial cell more easily
and then bind more tightly to the negatively charged rRNA target. Numerous publica-
tions confirm that the use of this technique for rapid identification of the common organ-
isms growing in the blood culture bottles improves antibiotic stewardship and shortens
length of stay.1,2 Depending on the patient, identification of a coagulase-negative
Staphylococcus may facilitate discontinuation of antibiotics and early discharge.
Our high-throughput laboratory (>200 blood cultures per day) was an early adapter

of the staphylococcal, enterococcal, and candida probes, although we do not
currently use those for bacteria owing to the availability of more sensitive platforms
with the ability to detect a great number of pathogens involved in bacteremia and
sepsis. Multiple PNA-FISH assays received FDA clearance, including the assay for
the detection of Staphylococcus aureus/coagulase-negative Staphylococcus, Entero-
cocuus fecalis/E faceium, gram-negative traffic light (identification of E coli, Klebsiella
penumoniae, and Pseudomonas aeruginosa) and yeast traffic light (identification of
Candida albicans,C krusei,C tropicalis, C glabrata, and C parapsilosis). Our laboratory
has been involved in clinical trials of AdvanDx PNA-FISH products and our data
showed high sensitivity and specificity of these products as well as the ease of
use.13–16 Although the popularity of PNA-FISH as a diagnostic test in large laboratories
is declining, the FISH technique is being used by Accelerate Diagnostics (Tucson, AZ)
to facilitate organism identification in positive blood culture bottles.

Affirm VPIII microbial identification test The VPIII probe test (Becton Dickinson,
Franklin Lakes, NJ) is intended for the diagnosis of vaginitis/vaginosis, conditions
causing millions of physician visits annually. Affirm detects rRNA from Gardnerella
vaginalis, used as an indicator for bacterial vaginosis (BV), C albicans, and Trichomo-
nas vaginalis. The sensitivity has been adjusted to avoid giving positive results with low
concentrations of G vaginalis and C albicans, which often colonize the normal vagina
using a lateral flow immunochromatographic enzyme assay. This assay maintains low
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sensitivity (requiring about 5000 copies of trichomonas nucleic acid to give a positive
result), which may be ideal for Gardnerella but bad for Trichomonas species. It is
formatted to be performed in a cassette superficially resembling the lateral flow tests
used for the serologic detection of influenza or rotavirus antigens and was the first
FDA-approved molecular test based on lateral flow. The methodology for lateral
flow is as follows: after collection on a proprietary swab, the specimen is lysed to
release the nucleic acids, buffered to stabilize the nucleic acids and establish strin-
gency, and added to the cassette, which is incubated at the proper temperature for
nucleic acid hybridization. The cassette contains 5 “beads,” each coupled to a capture
probe: 1 for each of the 3 analytes, plus positive and negative controls. Next, enzyme-
linked detector probes bind to specific sequences on the target organism’s rRNA. Un-
bound sample components and probes are washed away. A colorless substrate is
converted to a blue product if sufficient target and detector probe have bound. A
blue “bead” indicates a positive result.17

Numerous publications have revealed that health care providers are significantly
less accurate than VPIII for the diagnosis of significant candidiasis and T vaginalis.
The Affirm test has highlighted the fact that multiple infections are common. The
role of the VPIII in the diagnosis of BV is the subject of debate, however, because
the use of G vaginalis alone as an indicator of BV is not optimal. In addition, there
have been criticisms of the limit of detection (LOD) of the assay, particularly for T vag-
inalis, and of the inability of the assay to highlight the presence of drug-resistant
Candida spp. Automated NAAT assays (including the MAX Vaginal Panel assay by
Becton Dickinson) resolve many of these problems. Becton Dickinson now suggests
that the Affirm assay may be appropriate for smaller laboratories, whereas larger lab-
oratories may wish to transition to its NAAT assay.
The BectonDickinsonMAX Vaginal Panel is the first FDA cleared,microbiome-based,

PCR assay that directly detects the 3 most common infectious causes of vaginitis: BV,
vulvovaginal candidiasis, and trichomoniasis. The MAX Vaginal Panel performed on the
Becton Dickinson Max instrument is fully automated and diagnoses BV using a unique
algorithm that quantitates the presence of Lactobacillus spp. (good bacteria) as
compared with G vaginalis, Atopobium vaginae, BV-associated bacteria, and Mega-
spherae (BV-associated bacteria). It separately determines the presence of T vaginalis,
as well as the presence of the Candida group (albicans, tropicalis, parapsilosis, and
dublinensis), and of C glabrata and C krusei, which are more antibiotic resistant.18

Advances in Sexually Transmitted Disease Testing

Culture, immunoassay, and probe tests for both N gonorrhoeae also known as Gon-
ococci and C trachomatis are less sensitive than NAATs, and NAATs have been the
standard of care since the late 1990s, although certain jurisdictions still require culture
for legal cases. In this text N gonorrhoeae and Gonococci are used interchangeably.
C trachomatis and gonococcal infections of the female genital tract present a diag-

nostic challenge because many patients with C trachomatis and Gonococci are
asymptomatic. Sexually transmitted diseases are becoming more prevalent even in
the United States and Europe. This has led to the implementation of widespread
screening, using urine or self-collected swabs, collection procedures with increased
patient acceptance. All of these tests are also available for physician-collected vaginal
swabs and for male urethral swabs and urines.
Commercial qualitative NAATS for diagnosis of C trachomatis and Gonococci have

been available for about 20 years. The first PCR assay, the semiautomated Amplicor C
trachomatis/N gonorrhoeae test, was developed by Roche (Basel, Switzerland). It was
closely followed by the Abbott LCX assay (Abbott Laboratories, Chicago, IL) for the
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simultaneousdetection ofC trachomatis andNgonorrhoeae, which used ligase chain re-
action technology toamplify the targets. In2003, theAbbott LCXassay forC trachomatis/
Gonococciwaswithdrawnabruptly from themarket. In the late1990s, otheramplification
assays became available, a strand-displacement amplification assay from Becton Dick-
inson, the ProbeTec ET, and a transcription-mediated amplification test fromGenProbe
were introduced.Both of these evolvedover the yearsand additional testswerealso FDA
approved. Other testing approaches include the Becton Dickinson ProbeTec C tracho-
matis/Gonococci Qx assay performed on the Viper XTR, Hologic/Gen-Probe Aptima
Combo 2 assay performed on both the Panther and Tigris instruments, the Abbott
Real-TimeC trachomatis/Ngonorrhoeae assay, and theRocheDiagnosticsCobasC tra-
chomatis/N gonorrhoeae assay run on the Cobas 4800 instrument.
A current problemwith all molecular diagnostic tests forC trachomatis/Gonococci is

the inability to test for antibiotic resistance. N gonorrhoeae has inexorably developed
resistance to each antibiotic regimen that became widely used, and the question of
antimicrobial resistance in C trachomatis has hardly been considered, although treat-
ment failures are well-known. Because the transport systems for C trachomatis and
Gonococci are not compatible with culture and susceptibility testing, it seems inevi-
table that molecular susceptibility testing must be developed, but we are unaware
of any such development.

Hologic/Gen-Probe Aptima Combo 2 assay
This assay is performed on either the Tigris or the Panther instruments. It targets a re-
gion of the 23S rRNA of C trachomatis and one from the 16S rRNA from Gonococci.
They are amplified via DNA intermediates by using transcription-mediated amplifica-
tion, a technique that uses both a reverse transcriptase enzyme and a phage-derived
RNA-dependent RNA polymerase. The detection of the amplicons is achieved using
the hybridization protection assay described herein in the section on probe tests.
Briefly, single-strand chemiluminescent DNA probes bind to their complementary
target, protecting the labile acridinium ester. After hydrolysis of the esters on unbound
probes, light emitted from the ester that had been protected within the target-probe
hybrids is measured and reported as relative light units. Assay results are determined
by a cutoff based on the total relative light units and the curve type.19,20

Becton Dickinson ProbeTec C trachomatis/Gonococci Qx assay on the Viper XTR
This assay uses the isothermal DNA nick translation technique called strand-
displacement amplification for the detection of target sequences in the patient
sample. It targets a sequence in the cryptic C trachomatis plasmid and a sequence
of Gonococci genomic DNA, respectively. Extraction of DNA from clinical samples
is based on pH-dependent binding of the DNA to ferric oxide particles followed by
binding of the combination to paramagnetic beads. After removing the contaminants,
the purified DNA is released and amplified by real-time strand-displacement amplifi-
cation in the presence of a fluorescently labeled detector probe. The presence of
the target DNA is determined by comparing the peak fluorescence with a cutoff value.
Many articles have discussed the performance of this assay to detect the targets in
clinical specimens, such as urine or vaginal/cervical samples. This assay is not eval-
uated for pregnant women as well as patients younger than 18 years of age.21–23

The Abbott RealTime C trachomatis/N gonorrhoeae assay
This RT-PCR assay targets 2 sequences within the cryptic plasmid of C trachomatis.
This plasmid is found in all serovars of Chlamydia to date. The dual targets
allow detection of both the wild-type C trachomatis and the variant, which has a
deletion in one of the target sequences. The Gonococci target is found within the
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organism’s Opa gene. Cheng and colleagues24 evaluated the Abbott RealTime C tra-
chomatis/Gonococci assay in comparison with the Roche Cobas Amplicor C tracho-
matis/N gonorrhoeae assay. They showed high agreement between the 2 assay.
However, their data demonstrated that the Abbott assay was more sensitive than
the Roche assay for both C trachomatis and N gonorrhoeae with enhanced ability to
detect dual infections.

Roche Cobas 4800 instrument and C trachomatis/N gonorrhoeae assay
This multiplex PCR assay simultaneously detects 2 independent DNA targets forC tra-
chomatis, one in the cryptic plasmid and the other on the C trachomatis genome. This
assay can detect infections caused by the wild-type C trachomatis, in addition to other
Chlamydia strains that may have deletions in the cryptic plasmid, or those that might
not carry the cryptic plasmid at all. DR-9, a direct repeat region, is the target of the N
gonorrhoeae assay. The use of this target makes the assay highly specific to N
gonorrhoeae. This target does not cross-react with sequences found in commensal
Neisseria, a feature that hampers the use of some otherGonococci assays for oropha-
ryngeal and rectal samples.
Chernesky and colleagues25 performed a direct comparison of 4 second-generation

C trachomatis/Gonococci assays to obtain information about their relative sensitivities
and specificities. They used both first void urine and self-collected vaginal swabs. The
sensitivities for C trachomatis using self-collected swabs were: Aptima Combo 2 run
on the Tigris, 98.1%, and on the Panther, 96.2% (Hologic/GenProbe): RealTime assay
on the m2000, 98.0% (Abbott): ProbeTec Qx assay on the Viper, 90.6% (Becton Dick-
inson), and the Cobas assay tested on the Cobas 4800, 84.6% (Roche).

Other qualitative assays
Hologic-Gen-Probe manufactures several widely used qualitative, transcription-
mediated amplification-based microbiology tests; included among these are a direct
test for M tuberculosis and the Procleix Ultrio Plus assay (Ultrio), which has also been
licensed to Novartis (Emoryville, CA). The first assay (without the Plus) has long been
approved for detection of human immunodeficiency virus (HIV) and hepatitis C virus
(HCV) in specimens fromblooddonorsand fromorgandonors, both livinganddeceased,
but is not intended for the diagnostic workup of the diseases in the general population.
Testing a pool of samples from up to 16 blood donor units is approved for blood bank
testing. Recently, the FDA approved the inclusion of hepatitis B virus in this assay, and
it has been renamed Ultrio Plus. It contains several HIV targets that allow it to detect
HIV-1 (several strains) and HIV-2. Because test results are generally negative and high
sensitivity is necessary, the inclusion of an internal control is essential. Components of
positive pools are retested individually and then by assays for each individual analyte.26

Other published data contain a listing of more than 135 published RT-PCR assays
developed for the detection of 32 species of bacteria.27 This list does not include mul-
tiplexed tests or assays for viruses. The publication acknowledged that the list is
incomplete and commented that most are laboratory-developed tests, with only
35 (counted from the list) being commercially available, whether FDA approved or
not. This finding emphasizes the need for more rapid commercial development and
FDA approval methods.
Although cyber green, a nonspecific detector, is still used occasionally, 3 main mo-

lecular detection systems are used: dual hybridization (fluorescent resonance energy
transfer), TaqMan, and molecular beacon.
The fluorescent resonance energy transfer detector consists of 2 different probes,

complementary to adjacent sequences on the target amplicon, and each attached
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to a different fluorophore. When activated by incident ultraviolet light, the first fluoro-
phore emits energy at an unmonitored wavelength. If the second probe is bound adja-
cent to it, the energy is transferred to the second fluorophore, which then emits light at
the wavelength monitored by the sensor. At the end of the PCR assay, a melting curve
for the amplicon–probe complex can be generated. The melting temperature is char-
acteristic of each amplicon–probe combination. If there is a mismatch between the
probe and the amplicon, the melting temperature decreases.28 The melting tempera-
ture difference has been exploited in a test that distinguishes between herpes simplex
1 and 2 (Roche). The PCR primers bind sequences common to both viruses within
the HSV DNA polymerase gene. The amplicon detector probes match the HSV-2
sequence, which differs from that of HSV-1 by 2 bp. Melting curve analysis reveals
a reproducible melting temperature for HSV-2 that is about 10�C higher than that
exhibited by HSV-1.29 Occasional mutant HSV strains have been detected that have
intermediate melting temperatures. These tests can be reported as positive for
HSV, but the type is not clear. Types 1 and 2 could be distinguished by sequencing
the amplicons, by using an assay using a different target sequence, or by the melting
temperature of the amplicon, which is said to be 0.9�C higher for the HSV-2 variant
than the type 1 variant.30

The MultiCode RTx system uses an unusual PCR amplification technique in which
no detector probe is used and in which the fluorescence actually decreases as ampli-
fication progresses. It was developed by EraGen BioSciences, Inc (Madison, WI; ac-
quired by Luminex Corporation [Austin, TX] in 2011). Their MultiCode-RTx herpes
simplex virus 1 and 2 kit was FDA approved in 2011. MultiCode RTx assays use 2 un-
usual nucleotide bases iC (2-deoxy-5-methylisocytidine) and iG (2-deoxyisoguano-
side) that base pair only to one another and that are efficiently incorporated into
PCR products. iG is put at the 5

0
end of the RTx primers along with its linked fluoro-

phore. The reaction mix contains iC covalently linked to a quencher. In the initial cycle
amplification, the iG, with its attached fluorophore, appears at the 5

0
end of the primer

and hence at the 50 end of the nascent amplicon strands. When these serve as tem-
plates for copying in the other direction, an iC, with its attached quencher is added
to the 3

0
end of the new strand, opposite the iG and its fluorophore. The approximation

of fluorophore and quencher decreases the fluorescence. In melting curve analysis,
fluorescence increases as the amplicons melt, and the melting temperature allows
determination of the nature of the analyte.31

QUANTITATIVE TECHNIQUES

Quantitative PCR in clinical microbiology are confined mainly to NAATs used for HIV
viral load testing, although there are also FDA-approved quantitative RT-PCR assays
for HCV, hepatitis B virus, and recently for cytomegalovirus. The trend is to make the
assays referable to a World Health Organization international standard. Quantitative
techniques have advanced significantly since the early days when Alice Huang first
demonstrated that quantitative PCR was possible (for a detailed discussion and re-
view of the literature, see Fairfax and Salimnia28).
RT-PCR is inherently semiquantitative. Theoretically, one can construct a standard

curve of copy number versus cycle threshold—and determine the quantity of analyte
in a patient specimen by referring to the curve. However, variations in extraction effi-
ciency and the presence of inhibitors can introduce significant errors, particularly at
low levels of analyte, when one is attempting to distinguishing “only a few” from
“none.” One relatively straightforward method to overcome this problem includes
the addition of a control target or quantitation standard into the patient sample before
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extraction. The target and the quantitation standard are extracted, amplified, and
detected together, controlling for the extraction and for any inhibitors present.
The ideal quantitation standard should be the same size and base composition as

the target to be quantified, with the same primer binding sites. It should differ enough
in sequence that the detector probe or probes for the target do not bind to it, and its
own detector probe should fluoresce at a different wavelength from that of the target.
Then, quantitation should be a simple mathematical calculation.28 However, at low
target concentrations, the standard curve is no longer straight. Roche has incorpo-
rated complex mathematical calculations into its recent viral load assays to account
for this divergence.
Conversations have recently begun about possible “cures” of HIV infection, and as

highly active antiretroviral therapy and improved plasma HIV viral load techniques
converge, discussions have ensued about how to evaluate residual virus in well-
controlled or possibly cured individuals. The most sensitive assays for determination
of low-level infection are likely to be assays for HIV DNA copies in single cells. How to
determine which ones are replication competent is crucial to this discussion. Aside
from circulating CD4 cells, what cells should be investigated is unclear at this time.
This active area of investigation was recently reviewed by Strain and Richman,32

who discussed very low-level contamination, signal-to-noise ratios in PCR testing,
single-cell PCR, and other techniques that are beyond the scope of this article.
With respect to HIV quantification in plasma, further considerations affect testing

and result interpretation. The most obvious problem results from the increase in
sensitivity as the assays improve. Patients who were told that their virus levels
were “undetectable,” suddenly have quantifiable virus. Time-consuming correla-
tions between viral load and prognosis have to be redone for each new, more sen-
sitive assay. Sequence differences between the numerous organism strains and
the inherent mutability of the organisms also make accurate quantification difficult,
especially for RNA viruses, such as HIV and HCV. One must target a stable
sequence. However, the viral RNA polymerase enzymes are error prone and lack
proofreading activity. Changes in the genetic sequence, particularly in the primer
or probe-binding sites, may reduce the detected viral load. Minority quasi-
species also cause problems (discussed elsewhere in this article). It seems that
more than 1 target will be necessary for future assays.
Because approval and release of diagnostic tests by different manufacturers are not

coordinated, it is difficult to find articles comparing the performance of the latest offer-
ings by different companies. Two current assays for HIV quantification in the United
States are the Roche Cobas AmpliPrep Cobas TaqMan HIV viral load version 2.0
(CAP/CTM2) and the Abbott RealTime HIV-1 assay (ART HIV). The 2 assays have
different lower limits of quantitation, 20 copies/mL for CAP/CTM2 and 40 copies/mL
for ART HIV, which introduces difficulties in comparison. They have, however, been
compared in 2 recent articles.33,34 Sire and colleagues33 extrapolated the ART HIV
curves, and found that 10 of 17 specimens that were quantifiable by the CAP/CTM2
but not by the ART HIV could actually be quantified. The assays correlated well
(r 5 0.96),32 although CAP/CTM2 was more than 0.5 log10 higher than the ART HIV
in 20% of 51 samples, whereas the ART HIV was more than 0.5 log10 higher in only
2 of them.33 Whose result is more accurate remains to be determined.

HIGHLY MULTIPLEXED POLYMERASE CHAIN REACTION PANELS

This section focuses only on highly multiplexed assays, roughly defined as those
detecting more than 10 targets. Although many assays for individual etiology
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agents of disease are available, testing for individual organisms is often uninforma-
tive. Numerous viral and some bacterial agents of respiratory disease cause similar
symptoms. It is usually not obvious which agent or agents are infecting a given pa-
tient. Even at the peak of an influenza epidemic, an individual may be infected with
respiratory syncytial virus instead or concurrently. Furthermore, mixed infections
are more common than many had imagined. 35,36 Some virus infections are treat-
able, and others have different isolation requirements if the patient is hospital-
ized.36 Thus, molecular panels that could detect multiple etiologic agents of
diseases clearly are desirable. As of December 2017, 6 multiplex respiratory panels
are FDA approved: Luminex xTAG RVP (xRVP) and RVP Fast (xRVPF) and Verigene
respiratory pathogen flex (LUMINEX corporation); Film Array Respiratory Panel
(FARP; BioFire Diagnostics [Now bioMerieux], Salt Lake City, UT), and the eSensor
respiratory viral panel, ePlex Respiratory Pathogen Panel (GenMark Diagnostics,
Carlsbad, CA). In comparison with other systems, the FARP detects the greatest
number of pathogens, including 3 bacteria and 17 viral pathogens. One head-to-
head comparison of all 4 test modalities was recently published.37 The various ana-
lytes differ in sensitivity and specificity, but this study found that the eSRP had
100% sensitivity for all analytes compared. The xRVP was second, and more sen-
sitive than the xRVPF, which was similar to the FARP. These results will require
confirmation by other researchers; Babady and colleagues35 found the FARP to
be more sensitive than the xRVPF for many analytes. All tests are capable of
detecting mixed infections.
Ultimately, the final decision as to which test to implement in one’s laboratory may

come down to questions of cost, hands-on time, complexity, time to result, and con-
venience. The FARP provides a result within about 1 hour, requiring only a fewminutes
of hands-on time, but can handle only 1 sample at a time. It seems ideally suited to a
medium-sized laboratory where technologists without specialized molecular expertise
can perform the tests. Some larger laboratories have bought multiple instruments or
instruments with higher throughput (eg, Torch from BioFire) to facilitate throughput.
But surge capacity may be lacking. The other systems test samples in batch mode
with high throughput, but they require sample extraction before testing, and amplicon
manipulation afterward, which may confine them to a “PCR laboratory.” Each handles
21 samples per run. None is suitable for 2 runs per shift, although staggered technol-
ogist start times could allow it with the xRVPF. The xRVP and eSRP require 7 to 8 hours
for results.37

A problem with panels is that they tend to maximize the number of analytes
detected in their initial offering, based on instrument constraints. Therefore, adding
something new seems to require that something old be removed. FDA reapproval re-
quires significant financial outlays for any change, and new respiratory viruses keep
appearing. Newly detected viruses since 2001 include human metapneumoviruses
(2001), severe acute respiratory syndrome (2003), human bocavirus (2005), new influ-
enza A viruses (H1N1, 2009; H7N9, 2013), and now, Middle East respiratory syndrome
corona virus (2012), the latter 2 of which apparently have not (yet) appeared in the
United States. MERS and H7N9 have not been reported in the United States between
2014 and 2017 (source: CDC https://www.cdc.gov/features/novelcoronavirus/index.
html) but they apparently have a high mortality rate.38–40 The human metapneumovi-
ruses and human bocavirus are included in some of the previously mentioned assays.
It is not clear whether MERS corona virus can be detected by the coronavirus
detector systems in these assays, but if so, it could not be distinguished from those
that cause more common respiratory infections. Thus, keeping panels updated may
prove difficult.

Fairfax et al262

Downloaded for Anonymous User (n/a) at Wayne State University from ClinicalKey.com by Elsevier on May 22, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.

https://www.cdc.gov/features/novelcoronavirus/index.html
https://www.cdc.gov/features/novelcoronavirus/index.html


New multiplex panels have been developed and received FDA clearance for
viral, parasitic, and bacterial agents of gastrointestinal diseases, and central ner-
vous system infections. A BioFire assay for usual agents of bloodstream infec-
tions was FDA approved in August 2013. The Biofire gastrointestinal panel and
meningitis panel also received FDA clearance on May 2014 and November
2015, respectively. In addition to the detection of bacterial pathogens, it detects
several antibiotic resistance genes. Another system known as Verigene blood-
stream tests (made by Nanoshere, now Luminex Corporation) provides bacterial
identification and antibiotic resistance determination directly from positive blood
culture bottles. The assay includes 2 cartridges, gram positive and gram negative.
A Gram stain of positive blood culture bottle is needed to decide if a gram-
positive or a gram-negative cartridge should be used. Luminex and BioFire also
offer FDA-cleared gastrointestinal panels that detect and identify viral, bacterial,
and toxins such as shiga1/2 directly from stool samples, whereas the blood cul-
ture panels should be run from positive culture bottles (which may take up to
5 days to become positive). Some can detect several antibiotic resistance genes
as well as infecting bacteria.

Prove-It Sepsis

The Prove-It Sepsis assay can identify bacteria and fungi from positive blood cul-
ture in about 3.5 hours. The assay is approved in Europe, but not FDA cleared in the
United States. Prove-it Sepsis runs on a strip with 8 wells, each of which can iden-
tify 2 sample. Each microarray identifies more than 60 bacteria, mecA, vanA, and
vanB resistance markers and 13 fungi in a single assay. Tissari and colleagues,41

evaluated the clinical performance of this assay using 3300 patient samples and
found. Based on their data, Prove-it Sepsis showed 95% sensitivity and 99%
specificity.

Quantitative Digital Polymerase Chain Reaction with Increased Accuracy at Low
Copy Numbers

Digital PCR (dPCR) is a quantitative method that provides a sensitive and reproducible
way of measuring the amount of DNA or RNA present in a sample that is present in low
copy numbers. It is similar to quantitative PCR in the reagents and amplification reac-
tion. The method is simple and reproducible, and does not need quantitation stan-
dards or standard curves. Before amplification, the initial sample mix is partitioned
into multiple individual wells or droplets, many of which end up containing no target
sequence. After amplification, the number of positive and negative reactions is deter-
mined and the absolute number of target present in the initial reactionmix is calculated
using Poisson statistics.
The dPCR is advantageous for applications requiring high sensitivity combined with

accurate and reproducible enumeration of small numbers of targets. This method is
obviously useful for quantification of viral loads, but can also be used for detection
of rare alleles, determination of copy number variations, quantification of NGS li-
braries, as well as measurements of gene expression heterogeneity and multiplexing.
There are currently no FDA-approved, commercially available dPCR systems in United
States. However, several companies such as Raindrop Digital PCR System (Rain-
dance Technologies, Lexington, MA), QX200 Droplet Digital PCR System (Bio-Rad,
Hercules, CA), BioMark HD System, qdPCR 37K IFC (Fluidigm Corporation, South
San Francisco, CA) and QuantStudio 3D Digital PCR System (Life Technologies, Carls-
bad, CA) offer dPCR systems for research use. More information on dPCR, can be
found in references.42–45
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Use of Mass Spectrometry and Spectroscopy for the Identification of Pathogens

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
Although “molecular diagnostics” is generally assumed to imply nucleic acid–based
methods, mass spectroscopy has been used in microbiology since the 1970s. At
that time, mass spectroscopy was used almost exclusively for the identification of an-
aerobes by analysis of volatile or volatilized short-chain organic acids. New mass
spectroscopy techniques provide a general tool for the identification of microorgan-
isms growing in colonies on culture plates. This requires 2 to 5 minutes and has the
potential to improve significantly the turnaround time for microbiology culture reports
and to reduce labor costs, especially when coupled with other laboratory automation
that is now becoming available. Up-front costs are high, but the cost per test is low
and the rapidity of results and low cost per individual result can impact antibiotic us-
age and patient outcomes, shortening hospital stays and lowering total costs.3

The new technology is matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF). Currently, there are 2 FDA-approved MALDI-TOF instruments available
in the United States for rapid identification of microorganisms: one developed by Shi-
madzu Scientific Instruments (Columbia, MD) and licensed to BioMerieux (Durham,
NC) and a second, manufactured by Bruker Daltonics (Billerica, MA), and licensed
to both Siemens Healthcare Diagnostics (Tarrytown, NY) and to Becton Dickinson
(Sparks, MD). The great benefit of quick, easy, and accurate identification of microor-
ganisms has encouraged larger laboratories to implement these systems for routine
organism identification despite their initial high instrument cost.
Microorganism identification by MALDI-TOF is based on the observation that each

pathogenic organism has its own unique protein signature. Bacterial cells are fixed in a
matrix and irradiated by a laser beam that releases and ionizes the proteins. These
enter a vacuum column and move toward the detector based on charge and mass.
The protein signature is checked for a match against a large and still growing database
derived from different genera and species of microorganisms. Different instruments
have different databases, and the government has limited laboratory access to data-
bases containing the protein signature of potential agents of bioterrorism, although
these are endemic in certain areas of the United States.
MALDI-TOF can identify bacteria, both aerobic and anaerobic, mycobacteria, and

fungi. The analysis of organisms with tougher cell walls, such as gram-positive bacte-
ria, yeasts, and fungi, requires slight modifications of procedure.46 Hundreds of ab-
stracts and articles attest to its ability to rapidly and accurately identify bacteria and
fungi to the genus and species level.
MALDI-TOF for the identification of etiologic agents of sepsis generally cannot be

performed until the pathogen has first been grown in blood culture bottles and subcul-
tured onto standard solid media. These steps are time consuming and lead to the use
of broad-spectrum, empiric antibiotics. To increase speed of identification, protocols
have been developed to use MALDI-TOF directly from newly positive blood culture
bottles,47–49 although it should not be used in samples containing multiple organisms
Data are also accumulating illustrating the ability of MALDI-TOF to identify some
antibiotic-resistant organisms.50 However, more work is needed in this area before
MALDI-TOF could become a valid alternative to routine antibiotic susceptibility
testing.

Laser-induced breakdown spectroscopy
Rapid advances in the development of laser-induced breakdown spectroscopy (LIBS)
have transformed it from an elemental analysis technique to one that can be used
directly for the identification of complex materials, including clinical microbiology
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specimens. A growing number of recent articles have illustrated the ability of LIBS to
rapidly detect and accurately identify various biological, biomedical, or clinical sam-
ples. These analyses are sensitive, specific, and rapid, requiring no sample prepara-
tion. LIBS can identify microorganisms based on a determination of their elemental
compositions. LIBS uses a strong laser pulse to atomize the content of bacterial cells.
Light from these “high-temperature sparks” is collected. Analysis of the peaks in the
atomic emission spectrum allows the identification and relative quantification of
the atoms present in each sample. The “spectral fingerprint” of the peaks and their ra-
tios is compared with a database of LIBS spectra derived from different genera
and species of microorganisms to allow identification of bacterial genus and species.
As yet, there is no FDA-cleared LIBS system for rapid identification of pathogen
microorganisms.51,52

Raman spectroscopy
Interest has also recently been generated in the possibility of using Raman spectros-
copy for the rapid identification of a variety of bacteria. Raman spectroscopy uses the
interaction of light with molecules to measure functional group vibrations. When pho-
tons from an incident, focused laser interact with a molecule, they cause the molecule
to transition to an excited vibrational state, accompanied by a corresponding energy
loss in the photon; this energy loss results in the light undergoing a frequency shift, and
hence a change in color, which is measured. The spectrum is unique for each bacterial
species. It can be checked against a database for rapid identification of the pathogen.
Raman spectroscopy is distinct from other current techniques because of its ease, low
cost, and high speed. It provides information on the chemical composition and the
structure of biomolecules within the microorganisms. Thus, slight changes in the
chemical makeup of organisms can be determined by Raman spectroscopy and
used to differentiate genera, species, or even strains. A study by Chouthai and
colleagues,53 showed reliable, rapid, and accurate identification of Candida species
using Raman spectroscopy. Detection of pathogens is possible from complex
matrices, such as soil, food, and body fluids. Further, spectroscopic analysis may
allow determination of the effect of antibiotics on bacteria.53–55

Multiplexed Automated Digital Microscopy (Time Lapse Imaging): Accelerate
Pheno System

The automated Accelerate Pheno technique (AXDX; Accelerate Diagnostics) received
FDA approval in February 2017. It performs both bacterial identification and antibiotic
susceptibility testing directly from the positive blood culture bottle, without requiring
the isolation of purified colonies, cutting almost 40 hours off the time to identification
and antibiotic susceptibility testing. The techniques use digital microscopy and allow
identification of 1 to 4 bacterial pathogens from a positive blood culture bottle in
around 1 hour and antibiotic susceptibility testing about 6 hours later. It succeeds
where other techniques fail because it analyzes single cells. Organism identification
is performed using multiplexed automated digital microscopy and FISH probes
(described elsewhere in this article). Antibiotic susceptibility testing is performed by
observing the growth of individual, live, immobilized bacterial cells in the presence
of antimicrobial agents. Phenotypic antibiotic susceptibility testing results with a panel
of standard antibiotics require about 7 hours after the blood culture bottle turns pos-
itive. By guiding appropriate antibiotic therapy this microscopic technique can reduce
mortality and morbidity.
AXDX identifies and performs antibiotic susceptibility testing on 6 gram-positive and

8 gram-negative bacterial genera/species and 2 Candida species. In this system,
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bacterial cells are first purified from blood culture growth medium by gel electrofiltra-
tion followed by cell immobilization via electrokinetic concentration before FISH and
antibiotic susceptibility testing.
Our laboratory has evaluated the performance (accuracy) of Accelerate system. In

2015 and 2016, we tested 300 clinical samples on this system and compared
the result with our standard method, which currently consists of a combination of
phenotypic, biochemical, and/or MALDI-TOF techniques for pathogen identification
combined with antibiotic susceptibility testing via the Becton Dickinson Phenix auto-
mated microbiology system. The data revealed high sensitivity (93.8%) and specificity
(99.7%) for identification of pathogens as well as high categorical (94.8%) and essen-
tial agreement (96.3%) for antibiotic susceptibility testing results. The system was
robust and on average provided identification in 1.4 and antibiotic susceptibility
testing results in 6.7 hours after bottle positivity.56

Marschal and colleagues compared the performance of AXDX with conventional
culture-based methods. AXDX correctly identified 88.7% (102 of 115) of all blood
stream infections (BSI) episodes and 97.1% (102 of 105) of 28 isolates that are
covered by the system’s identification panel. The AXDX generated an antibiotic sus-
ceptibility testing result for 91.3% (95 of 104) samples in which it identified a gram-
negative pathogen. They found the overall category agreement of 96.4%, for sensitive,
intermediate, and resistant interpretation between AXDX and culture-based antibiotic
susceptibility testing, with the rate for minor discrepancies 1.4% (change between
sensitive or resistant and intermediate), major discrepancies 2.3% and 33 very major
discrepancies 1.0%.57

Resonant mass measurement for determination of antibiotic susceptibility in bacteria
LifeScale biosensor rapid antimicrobial susceptibility LifeScale (Affinity Biosensors,
Santa Barbara, CA) uses resonant mass measurement to enumerate and deter-
mine the mass of bacteria exposed to antibiotics, allowing it to determine anti-
biotic susceptibility within approximately 3 hours. A beam suspended at 1 end
resonates at a specific frequency. If a mass is added to the beam, the resonant
frequency decreases an amount related to the added mass. The beam is sus-
pended in a vacuum and the bacteria, in growth medium, pass through a micro-
channel in the beam. This technology has been developed into the Life Scale
Biosensor, which can make these determinations in a standard 96-well plate,
including the minimum inhibitory concentration plates prepared by Sensititre
(ThermoScientific, Waltham, MA). Individual bacteria can be enumerated and their
individual masses rapidly determined (in femtograms 10�15 g) can be determined
rapidly as they pass through the microchannel in the beam. Two posters were
presented at the 2016 ASM Microbe to demonstrate proof of concept. Antibiotic
susceptibility was determined using multiple gram-negative organisms that are
generally used in clinical laboratories as antibiotic susceptibility testing control
organisms. Resonant mass measurement and standard laboratory antibiotic sus-
ceptibility testing results were compared. More than two-thirds of these antibi-
otics demonstrated 100% essential agreement with the standard results
after 3 hours or less, whereas the standard techniques required 16 to 24 hours.
Two antibiotics were in less than 90% categorical agreement and required a
longer incubation time. The results indicate that a rapid antibiotic susceptibility
testing based on resonant mass measurement produces reliable antibiotic sus-
ceptibility testing results on gram-negative strains. Ongoing investigations are
planned to extend these results to gram-positive strains and to validate the
method on clinical samples from positive blood cultures.58,59
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Colorimetric sensor array: use of volatile organic compounds and color active indicator
array for rapid bacterial identification The SpecID (Specific Technologies, Mt. Lakes,
CA) blood culture system provides organism detection and identification while the
etiologic agent of sepsis is growing in a modified blood culture bottle and does so
more rapidly than detection alone can occur in similar comparator blood culture bot-
tles. When bacteria grow, they produce characteristic volatile organic compounds
(VOC) that accumulate in the head gasses above the culture medium in the bottle;
the spectrum of VOC produced is characteristic of a given genus and species of bac-
teria. An inexpensive, disposable array can be substituted for the top of a bottle or built
into a proprietary bottle. This array consists of chemical indicators that change color
differently when exposed to the VOC mixtures, allowing for the determination of the
VOCs released. The first instrument using this technique was shown in Amsterdam
at European Society of Clinical Microbiology and Infectious Diseases 2016. In a
proof-of-principle paper, Lim and colleagues60 demonstrated that the SpecID finger-
print can detect and identification the VOC fingerprints of organisms in pure culture
with a sensitivity and specificity of 91% and 99.4%, respectively. It could distinguish
between strains of S aureus, suggesting that it may be used for epidemiologic pur-
poses as well. Furthermore, detection was rapid, with organism identification with
the arrays detecting growth almost 2 hours faster than the standard system. Whether
it will work in mixed infections remains to be determined.
Shrestha and colleagues61 studied the ability of the SpecID arrays to identify a panel

of important yeast pathogens. BacT/Alert bottles modified to contain the arrays were
compared with standard bottles, all of which were inoculated with 10 mL of blood
either unspiked or spiked with different quantities of the yeast species. Bottles con-
taining no yeast were reported as negative, and the yeast in all positive bottles were
detected correctly, regardless of a wide range of inoculum sizes. Growth by colori-
metric sensor array was detected 6.8 hours faster than BacT/Alert system. The
mean sensitivity for species-level identification by colorimetric sensor array was
74% at the time of growth detection, and increased with time, reaching almost 95%
at 4 hours after growth detection.60,61

Cultureless systems for rapid detection and identification of pathogens directly
from patient’s specimen

Magicplex sepsis real-time test (SeeGene) Magicplex screens for more than 90
pathogens that cover more than 90% of sepsis-causing pathogens as well as 3
drug resistance markers for methicillin and vancomycin (mecA, vanA, and vanB)
from whole blood sample. Also, this test is able to further identify the pathogens
that are detected in the previous screening step with an additional 30 minutes. There
are 73 gram-positive, 12 gram-negative, 6 fungi, and 3 antibiotic resistant genes that
can also be discriminated. The Magicplex Sepsis Test requires 1 mL of a patient’s
whole blood and provides test results within 3 hours (after extraction). The microbial
DNA enrichment is based on Molzym’s MolYsis technology (Bremen, Germany)
enabling up to 40,000-fold DNA enrichment over conventional technologies. Auto-
mated DNA isolation is performed with Seegene’s Seeprep12 (Seoul, Korea) instru-
ment based on Nordiag’s “Arrow” technology/system. The pathogens identified by
MagicPlex Sepsis assay are Streptococci (S agalactiae, S pyogenes, S pneumoniae),
Enterococci (E faecalis, E gallinarum, E faecium), Staphylococci (S epidermidis, S
haemolyticus, S aureus), P aeruginosa, Acinetobacter baumannii, S maltophilia, S
marcescens, B fragilis, S typhi, Klebsiella pneumoniae, K oxytoca, P mirabilis, E
coli, E cloacae, E aerogenes, C albicans, C tropicalis, C parapsilosis, C glabrata, C
krusei, and A fumigatus. The MagicPlex is compatible with AB7500 RT-CR (Lifetime
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Technologies, Hanoi, Japan), CFX96 Real-time PCR (Bio-Rad), and SmartCycler II
RT-PCR.
In a clinical validation of MagicPlex, Serra and colleagues62 demonstrated the

detection of Candida DNA in pediatric patients in which the culture result was nega-
tive. However, the assay also had some false-negative results. In this study at least
1 mL of blood sample was inoculated into a VersaTREK REDOX1 bottle, which was
incubated at 37�C for 3 hours or longer before DNA extraction. Carrara and col-
leagues63 showed the result of a comparative study of MagicPlex and standard blood
culture on 267 patients. From 98 positive results, 11% were positive by both system,
11% only by MagicPlex, and 15% only by blood culture. Sensitivity and specificity
were 65% and 92%, respectively, for the Magicplex Sepsis Test and 71% and
88%, respectively for blood culture. Denina and colleagues64 in a study of 89 pediatric
patients, found that Magicplex allowed a 143% increase in the detection of septic ep-
isodes. However Ziegler and coworkers65 found that the test detected many organ-
isms suspected to be contaminants and investigated increasing the cut-off value for
positive. They concluded that MagicPlex shows a high specificity but changes in
design are needed to increase pathogen detection. For viability in clinical laboratories,
technical improvements are also required to further automate the process. This prod-
uct is IVD CE marked and is not available in the United States.

LightCycler SeptiFast test MGRADE SeptiFast (Roche Molecular Systems), provides
rapid identification to the species level of 25 common etiologic agents of BSI (bacterial
and fungal) in less than 6 hours directly from 1.5 mL of whole blood without prior cul-
ture. The assay targets a multicopy region (internal transcribed spacer) to increase
sensitivity (the detection limit is approximately 300 colony-forming units [CFU]/mL).
Targets include 8 gram-negative bacteria or related groups, 6 gram positives, and
8 fungi including Aspergillus fumigatus. The test is designed to be run on the LightCy-
cler2.0 Instrument manufactured by Roche, which combines rapid amplification with
melting point analysis for rapid results. A related assay also can detect the mecA
gene detection from S aureus, in a subsequent run using the LightCycler SeptiFast
MecA Test MGRADE. SeptiFast is CE marked but not available in the United States.
Markota and colleagues66 demonstrated a sensitivity of 87.5%, a specificity of
92.6%, and a negative predictive value 97.8% in comparison with standard blood cul-
ture and suggested that this system can be used as a supplement to the standard
blood culture.

SepsiTest-UMD SepsiTest-UMD (Molzym) can use 1 to 10 mL of whole blood or tissue
samples for detection of bacterial pathogens and yeast. After sample preparation and
DNA concentration, the PCR assay amplifies 16S and 18S ribosomal sequences.
Primers for Sanger sequencing are included in the assay. If positives are detected,
they are identified by basic local alignment search tool analysis using an online data
base. Additional kits are available for other fluids and swabs, but many are for research
use only. Disqué and colleagues67 compared the SepsiTest with blood culture and
found a sensitivity of 60%, a specificity of 98%, a negative predictive value of 91%,
and a positive predictive value of 86%. The system is not fully automated, and the re-
sults are not available quickly. The test is approved for in vitro diagnostics in Europe
but not in the United States.

T2 biosystems sepsis solution The T2 biosystem is recognized in the US market for
their FDA-approved assay for the diagnosis of candidemia directly from a blood sam-
ple of a patient in about 5 hours. T2-weighted MRI is a small instrument that uses
PCR, followed by hybridization on probe-decorated nanoparticle microclusters.
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Hybridization will induce changes in magnetic resonance signals, resulting in rapid
identification of candida. One of the important features of this technique is direct
use of blood samples by the instrument without any prior processing steps. It also
benefits from high sensitivity that enables the system to detect a few CFU per milliliter
of the target in whole blood. In a report from Mylanakis and colleagues,68 the perfor-
mance of T2 system for rapid detection of Candida species directly from the bloods of
patients with suspected candidemia was evaluated. The report indicates that T2-
weighted MRI demonstrated an overall specificity per assay of 99.4% (95% confi-
dence interval [CI], 99.1%– 99.6%) with a mean time to a negative result of
4.2 � 0.9 hours. Subanalysis yielded a specificity of 98.9% (95% CI, 98.3%–99.4%)
forC albicans/Candida tropicalis, 99.3% (95%CI, 98.7%–99.6%) forCandida parapsi-
losis, and 99.9% (95% CI, 99.7%–100.0%) for Candida krusei/Candida glabrata. The
overall sensitivity was found to be 91.1% (95% CI, 86.9%–94.2%) with a mean time of
4.4 � 1.0 hours for detection and species identification. The subgroup analysis
showed a sensitivity of 92.3% (95% CI, 85.4%–96.6%) for C albicans/C tropicalis,
94.2% (95% CI, 84.1%–98.8%) for C parapsilosis, and 88.1% (95% CI, 80.2%–
93.7%) for C krusei/C glabrata. The LOD was 1 CFU/mL for C tropicalis and C krusei,
2 CFU/mL for C albicans and C glabrata, and 3 CFU/mL for C parapsilosis. The nega-
tive predictive value was estimated to range from 99.5% to 99.0% in a study popula-
tion with 5% and 10% prevalence of candidemia, respectively.68 The T2 bacterial
panel is another assay for detection of bacterial pathogens directly from the blood
of patients with suspected bacteremia/sepsis. It can detect Escherichia coli, K pneu-
moniae, Pseudomonas aeruginosa, A baumannii, S aureus, and Enterococcus faecium
and is expected to be FDA cleared by 2018. The usefulness of this system in the
clinical setting and its potential impact on patient outcome await data from clinical
studies.

Qvella FAST ID BSI panel The Qvella blood pathogen detection system (FAST ID BSI
Panel) has been developed to identify bacterial and fungal pathogens directly from
blood samples in less than 1 hour. It uses the rRNA as the target in a multiplex PCR
for bacterial identification. The system benefits also from a tailored electric field for
the lysis of the bacterial cells present in the blood sample, followed by a concentration
step to obtain a highly concentrated and purified bacterial genomic materials. The pu-
rified nucleic acids are used in the multiplex real time reverse transcriptase PCR for
rapid detection and identification of microorganisms directly from blood.
The FAST technology is implemented in the FAST ID BSI Panel, which is an inte-

grated and closed device designed to fully automate the isolation, concentration,
and lysis, as well as amplification and detection of nucleic acids from pathogens
from whole blood samples. To perform a test, a whole blood tube is inserted into a
FAST ID BSI Panel and it is placed into the FAST analyzer. The following processes
occur automatically during the processing of a FAST ID BSI Panel by the analyzer:
Target cell isolation and concentration, target cell electrical lysis and treatment, and
amplification and detection of bacterial and fungal ribosomal targets in a spatially mul-
tiplexed array. This assay can detect the majority of sepsis-causing species. The sys-
tem has been shown to be able to identify polymicrobial infections in spiked samples.
Khine and colleagues69 presented data at the 27th European Society of Clinical

Microbiology and Infectious Diseases regarding the lower LOD of the Qvella FAST sys-
tem. The LOD was determined to be approximately 1 CFU/mL for the various cell
types. This low LOD is consistent with pathogen concentrations typically found in
infected whole blood samples. For this dataset, detection was made at 100% of the
time for Klebsiella pneumoniae, Pseudomonas aeruginosa, E faecium, C albicans,
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and C glabrata down to 1 CFU/mL. For S aureus, detection was made at 100% of the
time at or greater than 2 CFU/mL and greater than 80% of the time for 1 CFU/mL.
However, less than 100% detection of S aureus was at least partly attributable to
the inherent difficulty and accuracy associated with spiking certain gram-positive bac-
teria at very low concentrations. The Qvella blood identification system is designed to
detect more than 90% of pathogens isolated from patients with sepsis. Clinical trial of
this system is expected to start in the second quarter of 2018.

NEXT-GENERATION SEQUENCING

The advances in sequencing technology known as NGS have led to significant ad-
vances in basic sciences and clinical laboratory medicine, including microbiology.
Currently available NGS techniques are based on using clonal amplicons for parallel
multistrand sequencing. The combination of high-speed and high-throughput data
analysis has made NGS an excellent tool to take clinical analysis of nucleic acid se-
quences to a new level. With NGS, it is possible to detect and quantify quasispecies
of HIV, HCV, or hepatitis B virus circulating at low levels in the blood of infected pa-
tients and to learn more about their roles in the development of resistance and asso-
ciated treatment failures. This was difficult or impossible by using methods mentioned
previously. Despite increasing numbers of articles on the applications of NGS, this
system has not found its way into routine clinical microbiology testing because of
lack of FDA approval, high cost, and availability of alternative technologies.28 From
the diagnostic microbiology viewpoint, NGS has significantly improved our ability to
study the makeup of entire communities of microorganisms without culture.
NGS can provide the genetic sequences of the members of entire microbial commu-
nities (microbiomes) and determine their relative frequencies. It could also be used to
determine gene expression and metabolic pathway use in a microbial community,
although this is currently beyond the scope of the clinical microbiology laboratory.
Many studies of human microbiomes are focusing on the relationship between micro-
bial communities and health and disease, including for example, the effect of colonic
microorganisms on cardiovascular disease.4 NGS has also been applied to rapid in-
vestigations of outbreaks in hospital settings. We discuss herein 2 NGS-based diag-
nostic microbiology systems that are currently fairly advanced in development. They
highlight the potential of NGS to improve detection and identification of pathogens
in the clinical laboratory, especially those involving organisms that may be difficult
or impossible to identify, or those situations that are otherwise technically
demanding.70–72

Systems Based on Next-Generation Sequencing for the Identification of Pathogens
from Clinical Specimens

Karius digital culture
Karius (Redwood City, CA) has developed an NGS-based test to detect the presence
in plasma of cell-free DNA, which is presumably derived from infecting pathogens. Af-
ter amplification, human DNA is removed by a proprietary technique. NGS is per-
formed on the total nucleic acids, enriching for the microbial sequences. These
sequences are aligned with a pathogen sequence bank that consists not only of pub-
licly available genetic information, but also of Karius’s internal data. Thus, it can poten-
tially detect thousands of infecting organisms. The system is unique in that it can
detect sequences from DNA viruses in addition to those from bacteria and fungi.
Like standard organism detection assays, this system can detect bacteremia and
fungemia.
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In several studies Karius and collaborators have also shown that the system is able
to diagnose infections with certain highly fastidious organisms or after antibiotics have
rendered the infecting organism nonviable. The system could also detect the infecting
organism in infections outside of the bloodstream when organismal DNA is released
into the blood, including osteomyelitis, and deep infections that would otherwise
require biopsies. In patients with known or suspected bacteremia, their system
showed 80.0% positive agreement and 73.8% negative agreement (overall agreement
of 76.7%) with standard blood culture. In comparison with the clinical diagnosis, their
system showed 82.4% and 79.1% positive and negative agreement, respectively.73–75

PathoQuest iDTECT

The iDTECT Blood (PathoQuest, Paris, France) also combines untargeted NGS with
their sample preparation process and their genome sequence database, which is
said to cover all clinically relevant human pathogens. It is the first CE-marked (October
2016), NGS-based method to detect bacteria and viruses in patients with known or
suspected infections directly from patient blood thereby improving pathogen detec-
tion in biological samples. PathoQuest’s technology combines an NGS platform and
a proprietary sample preparation process with a proprietary pathogen genome
sequence database and automated analysis software covering all known clinically
relevant human pathogens. Parize and colleagues,76 using a prototype version of
iDTECT, identified a relevant pathogen in more patients in a difficult-to-diagnose pop-
ulation than conventional testing.

SUMMARY

The application of molecular testing to the discipline of infectious disease diagnosis,
prognosis and management has matured exponentially over the last few years. Future
improvements will no doubt avail additional milestones in sensitivity, specificity, cost
reduction, and turnaround time from specimen procurement to result for effective and
expeditious patient management.
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Molecular Pathology in
Transfusion Medicine
New Concepts and Applications

Matthew B. Elkins, MD, PhDa,*, Robertson D. Davenport, MDb,
Martin H. Bluth, MD, PhDc,d

OVERVIEW

Testing performed in transfusion medicine focuses on detection of antigens
expressed on the cell membrane of red blood cells (RBCs) and/or platelets and the
detection of antibodies against RBC or platelet antigens in a patient’s plasma. Detec-
tion of these antigens and antibodies is critical because RBC or platelet units that are
positive for a given antigen and that are transfused into a patient who has antibodies
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KEY POINTS

� Virtually all the red blood cell and platelet antigen systems have been characterized at the
molecular level and highly reliable methods for red blood cell and platelet antigen geno-
typing are now available.

� Genotyping is a useful adjunct to traditional serology and can help resolve complex sero-
logic problems.

� Although red blood cell and platelet phenotypes can be inferred from genotype, knowledge
of the molecular basis essential for accurate assignment.

� Genotyping of blood donors is an effective method of identifying antigen-negative and/or
particularly rare donors.

� Cell-free DNA analysis provides a promising noninvasive method of assessing fetal
genotypes of blood group alloantigens.
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against that specific antigen may cause decreased blood product survival, hemolytic
transfusion reactions, hyperhemolysis reactions, and even death.
RBCs and platelet antigens and antibodies are traditionally detected using serologic

assays. These assays overwhelmingly use hemagglutination principles to indicate the
presence of an antibody in the tested serum and the presence of the antigen on the
tested RBC or platelet product. For example, forward typing of a patient’s RBC anti-
gens is performed by combining the patient’s RBCs with known anti-A, anti-B, and
anti-D antisera. Any reaction resulting in agglutinated RBCs suggests that the RBCs
have that antigen on their surface (eg, agglutination in anti-A reaction suggests the
presence of the A antigen on the RBC membrane). To cause agglutination, the assays
rely on the agglutination capability of the tested antibodies (eg, ABO testing) for the
IgM class and secondary antibodies (eg, antihuman globulin antibodies and anti-C3
antibodies) for the IgG class.

ADVANTAGES OF MOLECULAR TESTING

Molecular testing is complementary to traditional serologic testing used for most
transfusion medicine testing.1 Molecular testing does not replace serologic testing,
and serologic testing is still very much the backbone of transfusion medicine testing.
Serologic testing is well characterized, sensitive enough to find and identify most clin-
ically significant alloantibodies, and useful for most patient situations. Serologic
testing is limited, however, in specific patients and situations, including the following:

� Patients with confounding antibodies (warm or cold autoantibodies or cold ag-
glutinins, and neonates with passive maternal antibodies)

� Patients with antigens or antibodies for which testing antibodies or antisera are
not available (partial or variant antigens, rare antigens, and high-incidence
antigens)

� Patients with a mixture of circulating RBCs or plasma (recently transfused, after
bone marrow transplant, and after plasmapheresis)

� Patients in whom antigen zygosity needs to be determined
� Patients with select diseases (ie, sickle cell) where frequent transfusions increase
immunohematological difficulties

� Mass screenings of blood donors

In each of these situations, serologic testing may be of limited sensitivity and spec-
ificity or may be prohibitive in time, effort, or cost.
Obscuring autoantibodies or multiple alloantibodies can cause unexpected aggluti-

nation in test reactions. This can result in an inability to rule out alloantibody possibil-
ities, making it difficult or impossible to identify any clinically significant alloantibodies
in a patient’s serum. Antibodies against low-incidence antigens may not be effectively
identified because of the limited availability of antisera and antigen-positive test RBCs.
Similarly, antibodies to high-incidence antigens may be difficult to identify because of
the lack of commercially available antisera or antigen-negative reagent RBCs. In pa-
tients who have received multiple RBC transfusions, the transfused RBCs may
obscure the presence or absence of antigens of interest on a patient’s native RBCs.
Likewise, the serum of patients receiving multiple plasma transfusions or automated
plasma exchange cannot be evaluated for antibodies from the patient’s native immune
system because of obscuring or dilution by the transfused plasma. For many RBC or
platelet antigens, the phenotypes of homozygous and heterozygous patients are often
indistinguishable by serologic means. For example, although there is the concept of
“dosing,” observing differences in the strength of hemagglutination when reagent

Elkins et al278



RBCs have homozygous versus heterozygous expression of a given phenotype, RBCs
that only have 1 copy of a specific allele can look the same as RBCs with 2 copies.
Mass screenings of the antigen status of RBCs or platelets is a daunting task using
serologic methods because of the poor scalability, considerable cost, and limited
automation options. Thus, each blood component unit must be individually tested
for each antigen using labor-intensive techniques.
In contrast, for each of these situations, molecular testing may allow determination

of antigens expressed by the patient or donor. Determination of the antigens
expressed by a patient also may be used presumptively to predict which alloanti-
bodies can be produced by the patient (because an individual canmake alloantibodies
only against antigens that the individual lacks). Such predictive approaches have been
applied to specific patient populations (those with sickle cell disease, thalassemia,
and so forth) where molecular analysis can predict what antibodies could be gener-
ated, thereby reducing the risk and clinical relevance of future transfusion incompat-
ibilities and reactivities where blood availability presents an issue.2

LIMITATIONS OF MOLECULAR TESTING

There are limitations to the application of molecular testing in transfusion medicine. Pri-
marily, molecular testing provides information on the genotype of the patient and, as
such, cannot determine the specificities of any antibodies within a patient’s serum. Mo-
lecular testing canonly determine the antigens that a patientmakes and, therefore, which
antigen specificities that patient could theoretically make antibodies against. A patient
with unknown antibody (or antibodies) may be molecularly typed to express D, C, e,
and Jk(a) but not express c, E, and Jk(b). Based solely on this information, antibodies
in a patient’s serum could be specific to any 1 or multiples of the antigens c, E, Jk(b) or
to another RBC antigen not tested by the molecular assay. Serologic testing is required
to determine the specificity (or specificities) of the patient’s antibody (or antibodies).
Molecular testing is promulgated on the frequency of anticipated polymorphismcom-

monwithin a population. As such, it is limited in detection of geneswith an abundance of
alleles (eg, ABO system) and antigens for which the coding gene is not known. Further-
more, molecular testing assays performed using allele-specific polymerase chain reac-
tion (PCR) in which amplicon identification is made based on size do not detect point
mutations, inversions, or other alterations of the DNA sequence that do not alter either
the targeted primer sites or the amplicon size. Most institutions are batching molecular
testing, thus increasing turn-around time, with the result that, currently, molecular
testing may be significantly slower than serologic testing for uncomplicated patients.
Finally, if possible, molecular testing results should be confirmed using serologic testing
because genetic determinants outside the gene tested (eg, promoters) may affect the
expression of that antigen. This results in a patient or donor labeled “positive” for an an-
tigen when the patient or donor does not actually express that antigen.3 An example is
the D phenotype, in which there is no apparent expression by serologic testing of any of
theRHCE antigens in aD-positive person despite the presence of theRHCE genes. This
phenotype is due to a single nucleotide (907C) deletion in exon 6 that introduces a pre-
mature stop codon, which results in the silencing of the RHCE genes.4 Similarly, alleles
that vary expression depending on their cis or trans orientation may also lead to
discrepant results between phenotype and genotype testing approaches.

MOLECULAR TECHNIQUES USED IN TRANSFUSION MEDICINE

The molecular techniques currently used for testing in transfusion medicine are all
based on amplification of sequences from the DNA of the patient or donor. The targets
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of testing are the genes that determine the production of RBC or platelet antigenic de-
terminants. These techniques are used as an adjunct to serologic testing in deter-
mining either the antigens expressed on the cell membranes of donated blood
products or antigens not expressed on the cell membranes of blood transfusion recip-
ients. These techniques help determine which antigens the recipient may make anti-
bodies against, thereby forecasting possible incompatibilities for future transfusions.
Transfusion testing is particularly amenable to molecular methods because most

assays evaluate constitutional genetic expression (germline expression), thus avoiding
the sensitivity problems seen in some molecular testing targeted toward somatic mu-
tations within a background of germline genes.
Current testing methodologies include various permutations of PCR, restriction

fragment length polymorphism, single-nucleotide polymorphism (SNP) detection,
Sanger sequencing, and high-throughput multiplex PCR. The most commonly used
testing methods are PCR with allele-specific primers and detection of amplicons by
traditional gel or capillary electrophoresis, using either commercially available kits or
published or in-house protocols.5,6 The downside of this approach is that a separate
PCR reaction must be set up and a separate detection assay (gel or capillary electro-
phoresis) must be run for each antigen evaluated. This results in a slow, labor-
intensive process. In a practice with a low volume of molecular testing, however, these
assays require low investment in supporting technology.
One of the approaches to minimizing the labor required and increasing the informa-

tion output from a single assay is to multiplex the molecular assays, using multiple
PCR primer sets in a single reaction to assay for multiple allele-specific RBC antigen
genes. There are various multiplex approaches, each of which uses a specific detec-
tion method to report which allelic amplicons are produced by the multiplex PCR.
Commercially available systems using multiplexed PCR include the SNaPshot
(Applied Biosystems, Foster City, California),7 the Multiplex Ligation-dependent Probe
Amplification (MLPA) system (MRC-Holland, Amsterdam, the Netherlands),8 the
OpenArray Real-Time PCR System (ThermoFisher Scientific, Waltham, Massachu-
setts),9 the BioArray HEA BeadChip system and LifeCodes RBC (both Immucor, Nor-
cross, Georgia),10–12 ID CORE XT (Progenika Biopharma–Grifols, Bizkaia, Spain) using
the Luminex platform and xMAP (Luminex, Austin, Texas),13 the BLOODchip (Proge-
nika, Medford, Massachusetts),14 and the Hemo ID Blood Group Genotyping Panel
using the MassARRAY System (Agena Bioscience, San Diego, California).15,16 The
SNaPshot system provides detection of the products of a multiplexed PCR reaction
using allele-specific primers with different lengths of nonsense nucleotide tails
(Fig. 1).7 These primers are allowed to hybridize to the PCR products and bind right
next to the gene polymorphism resulting in the RBC antigen genotype. These PCR
products combined with the primer are incubated with fluorescently labeled dideoxy-
nucleotides (ddNTPs) resulting in extension of only a single nucleotide (similar to what
is used in classic Sanger sequencing). The resulting fragments are separated based
on the size (imparted by the nonsense primer tail) and the fluorescence of the product
(imparted by the labeled ddNTPs) determines the nucleotide at the polymorphism site,
which identifies the genotype of each of the interrogated RBC antigen genes. The
MLPA system uses an array of primers for diverse RBC antigens, which bind to the un-
amplified genomic DNA (Fig. 2).8 Primer pairs that are an exact match for the target
gene are ligated to form a template for subsequent amplification. Due to differences
in length of the original ligation primers, the specific primers that were able to bind
to the genomic DNA can be determined using capillary electrophoresis. The OpenAr-
ray Real-Time PCR System uses genomic DNA as a template for amplification using
the TaqMan enzyme, which releases a fluorescent molecule from the inhibition of a
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quencher if the primers are a perfect match (Fig. 3).9 This reaction is multiplexed into
multiple wells, each with a different set of TaqMan primers to interrogate a different
RBC antigen polymorphism. Evaluation of the pattern of fluorescence provides the
RBC antigen genotyping of the sample. In the BeadChip system, multiplex PCR ampli-
cons are hybridized to allele-specific probes bound to fluorescent beads. If the se-
quences are a match, the probe is extended by PCR and the resultant increase in

Fig. 1. Schematic representation of SNaPshot. (A) Multiplex PCR. (B) Internal primers. (C)
Fragments after internal primer reaction. (D) Sample genotype using a specific software:
Gene1*A/Gene1*B, Gene2*A/Gene2*A, Gene2*Y/Gene2*Y, Gene3*A/Gene3*A, Gene4*B/
Gene4*B. AP, alkaline phosphatase; ddNTPs, dideoxynucleotides; dNTPs, deoxynucleotides;
Exo-SAP, exonuclease and alkaline phosphatase; SNPs, single nucleotide polymorphisms.
(From Latini FRM, Castilho LM. An overview of the use of SNaPshot for predicting blood
group antigens. Immunohematology 2015;31(2):53; with permission.)
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Fig. 2. The MLPA procedure in 5 steps. (1) A mix containing up to 50 probe pairs is hybridized
overnight to produce denatured genomic DNA. Every probe pair has an X and Y tag with PCR
primer sequence. (2) Ligation of perfectly hybridized probes. In cases of amismatch, no ligation
takesplace. (3) PCRamplificationof the ligatedproductwithprimerXandY, resulting ina series
of products of unique length. (4) The PCR products are separated by capillary electrophoresis,
resulting in a peak pattern. (5) Data are analyzed by comparing the peaks of a test sample
with those of a reference sample. Analysis software produces a tablewith peak ratios compared
with a reference sample; from these results, the genotype and the associated phenotype can be
inferred manually. (From Veldhuisen B, van der Schoot CE, de Haas M. Multiplex ligation-
dependent probe amplification (MLPA) assay for blood group genotyping, copy number quan-
tification, and analysis of RH variants. Immunohematology 2015;31(2):59; with permission.)
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fluorescence is detected. The pattern of fluorescence of these beads is then inter-
preted to determine which PCR products are present and, therefore, which genes
are present in a patient’s DNA. In the BLOODchip system, the multiplex PCR ampli-
cons are fragmented and specifically labeled with fluorophores. The labeled fragments
are then hybridized to allele-specific DNA probes bound to an array on a solid sub-
strate and the resultant fluorescence pattern is interrogated to determine the presence
of amplicons for each antigen. The LifeCodes system uses multiplexed RBC antigen
allele-specific polymorphisms, which are detected using a fluorescent capture bead
platform.12 Using this system, a single multiplexed PCR reaction may be used to
determine the genotype for Rh, Kell, Kidd, Duffy, MNS, and Dombrock antigen groups.
A second PCR multiplex may be used to determine the genotype for Colton, Dom-
brock, Scianna, Lutheran, Diego, Landsteiner-Wiener (LW), Cartwright, Knops, and
Cromer antigen groups. After PCR, the amplicon products are incubated with fluores-
cent beads to which oligonucleotide probes are bound. The probes selectively bind
the PCR products for each antigen allele. The DNA-bound beads are then detected
using a flow cytometer. Using the multiplexed PCR reactions and a single flow cytom-
eter run to detect approximately 25-antigen SNPs greatly increases the efficiency of
molecular assays compared with a PCR reaction with a detection assay for each an-
tigen SNP product. The ID CORE X system uses a multiplex PCR of the genomic DNA
using biotin-labeled primers (Fig. 4).13 The amplicons are then allowed to bind with mi-
crospheres, which have allele-specific DNA probes bound. The biotin is then detected
with a streptavidin-phycoerythrin label and the resultant phycoerythrin signal as well
as the fluorescent signature of each of the microspheres using the Luminex flow
cytometry platform. This allows interrogation of 29 polymorphisms and 37 RBC anti-
gens in a single run. The Hemo ID Blood Group Genotyping Panel uses matrix-
assisted laser desorption/ionization, time-of-flight mass spectrometry (MALDI-TOF

Fig. 3. The principle of the TaqMan assay involves prevention of fluorescence of a fluoro-
phore by the close proximity with a quencher in a nucleotide probe. As the Taq polymerase
reaches the probe, the 50 to 30 exonuclease activity of the polymerase degrades the probe,
the fluorophore is released from the quencher, and fluorescence is detected (left panels). A
typical TaqMan assay has 2 such probes that detect a single nucleotide difference at a spe-
cific location between 2 alleles of a given gene. Probes that are not 100% homologous with
the DNA sequenced do not bind sufficiently and the Taq polymerase cannot degrade the
probe to release the fluorophore from the quencher (right panels). (From Denomme GA,
Schanen MJ. Mass-scale donor red cell genotyping using real-time array technology. Immu-
nohematology 2015;31(2):70.)

Molecular Pathology in Transfusion Medicine 283



MS) to differentiate RBC antigen multiplex PCR products based on the molecular size
of the PCR products. RBC genes are amplified using targeted multiplex PCR. The
amplicons are then incubated with sequence-specific primers (SSPs) for the target
RBC genes and ddNTPs to allow addition of a single nucleotide. The primers are engi-
neered such that the terminal nucleotide added is the determining the RBC antigen
phenotype. MALDI-TOF MS is then used to interrogate the products to determine
which nucleotide was added to the specific primer.
Most RBC antigens have a limited array of alleles, which make them amenable to

allele-specific PCR. Some genes, however, have a larger genetic variation (eg, Rh
genes), and DNA sequencing may be used to determine the specific genetic variation
present. Typically, Sanger sequencing is used, although next-generation sequencing
is being explored for application to transfusion medicine testing. Sanger sequencing is
performed using tagged terminating nucleotides in a single-direction PCR. The PCR
products are then evaluated using electrophoresis, either gel or capillary, with the
length of each product correlating with the position of the terminating base.

TERMINOLOGY AND NOTATION

The results of molecular testing for transfusion medicine may be reported at diverse
levels of detail using various notation strategies. Additionally, molecular testing results
may be reported either as the expressed phenotype or as the genotype, although cur-
rent notation does not differentiate phenotype from genotype. For example, molecular
testing may be done for the C698T point mutation resulting in the T193M amino acid
substitution on the Kell glycoprotein, which results in the antigen commonly referred
to simply as K or Kell.17 If this testing yields a positive result, the result may be reported
as “positive for K,” “positive for Kell,” “heterozygous for Kell,” “positive for C698T,”
“positive for T193M,” and so forth. There are no current widely accepted standards
about how this result should be reported. One recent attempt at this standardization

Fig. 4. Progenika ID CORE XT method. SAPE, streptavidin-phycoerythrin. (From Goldman M,
Nogues N, Castilho LM. An overview of the Progenika ID CORE XT: an automated genotyp-
ing platform based on a fluidic microarray system. Immunohematology 2015;31(2):63; with
permission.)
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has been made by the International Society of Blood Transfusion, most recently refer-
enced by Storry and colleagues18 in 2011. The society’s complete guidelines may
be found at http://www.isbtweb.org/working-parties/red-cell-immunogenetics-and-
blood-group-terminology/. These guidelines provide suggestions for naming conven-
tions of genotype, phenotype, and antigen status for current RBC antigens as well as
guidelines for newly identified antigens.

RED BLOOD CELL ANTIGEN EXPRESSION

The molecular basis of virtually all the known blood group antigens has now been
established. Blood group polymorphisms arise from a variety of genetic mechanisms,
including SNPs, single-nucleotide deletion, gene deletion, sequence duplication, and
intergenic recombination. Most antigens are the result of SNPs. The most commonly
tested, clinically significant SNPs are listed in Table 1. Deletion of the RHD gene is the
most common basis for the Rh-negative phenotype. Homozygous deletion of the gly-
cophorin B (GYPB) gene also accounts for the S-s-U- phenotype. Deletion of a single

Table 1
Genetic basis of common blood group antigens

Blood Group System HUGO Gene Name Antigens Nucleotide Changes

MNS GYPA M/N 60C > T
72G > A

GYPB S/s 243T > C

Rh RHCE C/c 178A > C
203G > A
307T > C

E/e 676C > G

Lutheran BCAM Lu(a/b) 230G > A

Kell KEL K/k 698T > C
Kp(a/b) 961T > C
Js(a/b) 1910C > T

Duffy DARC Fy(a/b) 125G > A
Fy(a-b-) �33T > C

Kidd SLC14A1 Jk(a/b) 838G > A

Diego SLC4A1 Di(a/b) 2561T > C
Wr(a/b) 1972A > G

Cartwright ACHE Yt(a/b) 1057C > A

Dombrock DO Do(a/b) 378C > T
624T > C
79A > G

Hy(�) 323G > T
Jo(a1/a-) 350C > T

Colton AQP1 Co(a/b) 134C > T

LW ICAM4 LW(a/b) 308A > G

Cromer CD55 Cr(a1/a-) 679G > C

Knopps CR1 Kn(a/b) 4681G > A
McC(a/b) 4768A > G
SI(a) 4828T > A

Data from Reid ME, Lomas-Francis C. The blood group antigens fact book. 2nd edition. Waltham
(MA): Elsevier; 2004; and Blood group antigen gene mutation database. HUGO, Human Genome
Organisation. Available at: http://www.ncbi.nlm.nih. gov/projects/gv/mhc/xslcgi.cgi?cmd5bgmut/
home. Accessed April 16, 2013.
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nucleotide results in a frame shift that may introduce a stop codon and is responsible
for the common O alleles and for the A2 allele of the ABO system. Sequence duplica-
tion with introduction of a nonsense mutation is responsible for the inactive RHD gene
(RHD4) common among Rh-negative African Americans.
Knowledge of RBC phenotype is essential for provision of compatible blood with a

recipient who has produced clinically significant antibodies and is an important part
RBC antibody identification. RBC phenotype is determined by immunohematologic
methods. These methods are limited, however, by availability of reliable antisera,
are inherently subjective, and are difficult to perform when a patient was recently
transfused or has a positive direct antiglobulin test. In most cases, RBC phenotype
can be inferred from genotype and is a valuable adjunct to, or possible substitute
for, phenotyping. The most commonly tested blood group genotypes are listed in
Table 1. Genotyping is highly reliable and can be automated. Phenotyping may still
be preferable, however, for some antigens, for instance, those with numerous allelic
variations, such as ABO and Rh(D), which can be rapidly determined in most patients
using inexpensive, readily available immunohematology methods.
The A and B determinants are carbohydrate structures, present on some RBCmem-

brane glycoproteins and glycolipids, which result from the action of glycosyltrans-
ferases. The most common ABO alleles differ at 6 positions with exons 6 and 7,
resulting in the A-transferase (N-acetylgalactosaminyltransferase), B-transferase (gal-
actosyltransferase), or a nonfunctional product. More than 180 ABO alleles, however,
have been described to date.19 In addition, the acceptor substrate for the A-transfer-
ases and B-transferases is the H antigen, which is produced by transferases encoded
by the tissue-specific genes FUT1 and FUT2. Although the H-negative phenotype is
rare, it is responsible for a group O phenotype (Oh or Bombay) regardless of the alleles
at the ABO locus. For these reasons, the value of ABO genotyping is largely for reso-
lution of unusual ABO types.
Rh is genetically the most complex blood group system. The antigens of the Rh sys-

tem are encoded by 2 closely linked genes, RHD and RHCE. RHD encodes the many
epitopes of the D antigen. Themost common genetic bases of the Rh-negative pheno-
type are deletion of RHD and the presence of a frameshift mutation resulting in a pre-
mature stop codon. Genotyping for RHD is largely reserved for resolution of some
weak or partial D phenotypes.
Beyond the ABO and D antigens, most of the common clinically significant RBC an-

tigens result from SNPs (see Table 1). The MNS antigens are present on glycophorin A
(GPA) and glycophorin B (GPB), which are products of 2 closely linked homologous
genes, GYPA and GYPB of the glycophorin gene family, each present in 2 different
allelic forms.20 GPA andGPB show a high degree of sequence homology.GPA carries
the epitopes for the MN blood groups, and GPB carries the epitopes for the Ss blood
groups. Gene rearrangements are a prevailing mechanism for the observed DNA vari-
ation, resulting in variant GPA and GPB alleles.21 Numerous variant alleles exist that
are common in some populations and may be clinically significant.
The Kell system consists of 25 antigens, which include 6 pairs of antithetical anti-

gens. Each Kell antigen is determined by single-nucleotide point mutations of the
KEL gene encoding the Kell glycoprotein. There is considerable variation in the inci-
dence of Kell antigens between ethnic populations.22 On the RBC membrane, the
Kell glycoprotein is covalently linked to the XK protein, which carries the Kx blood
group. Weak expression of Kell antigens can be inherited or acquired and transient.
Inherited weak expression occurs in the McLeod phenotype (absence of XK protein),
the Leach phenotype (lack of a portion of glycophorin C), and some Gerbich-negative
phenotypes (lack of all or portions of glycophorins C or D).
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The Duffy blood group system comprises 2 common antithetical antigens and 2 high-
incidence antigens.22 The Duffy glycoprotein is functionally significant for its ability to
bind multiple chemokines, known as Duffy antigen chemokine receptor (DARC). It is
also the receptor exploited by Plasmodium vivax merozoites for entry into RBCs.
Because of selective pressure due to malaria, the Duffy null phenotype is common in
some populations. Themolecular basis of the Fy(a–b–) phenotype found in African Amer-
icans is an SNP in the promoter region (33 T > C), which disrupts a binding site for the
erythroid transcription factor GATA-1, with resultant loss of DARC expression on RBCs.
Because the erythroid promoter controls expression only in erythroid cells, DARC
expression on endothelium is normal. To date, all alleles carrying the mutated GATA
box have been shown to carry FYB, therefore Fy(b) is expressed on their nonerythroid
tissues. This explains why Fy(a–b–) individuals can make anti-Fy(a) but not anti-Fy(b).
The Kidd blood group system is relatively simple, with 2 antithetical antigens result-

ing from an SNP. In addition, a high-incidence antigen, Jk3, is absent in the null pheno-
type. The Kidd null phenotype results from 2 different genetic backgrounds:
homozygous inheritance of a silent allele or inheritance of a dominant inhibitor gene
In(Jk) unlinked to the Kidd locus SLC14A.23

The Diego system antigenic determinants are carried on the anion exchange multi-
pass membrane glycoprotein band 3. The Diego blood group system comprises 21
antigens, of which 2 antithetical pairs, Di(a/b) and Wr(a/b), are commonly signifi-
cant.24 Di(b) and Wr(b) are high-incidence antigens, whereas the other Diego sys-
tems antigens are low incidence. The Yt blood group system (sometimes
incorrectly referred to as the Cartwright system) consists of 2 antithetical antigens
encoded by an SNP that are carried on acetylcholinesterase glycoprotein (ACHE).
The Yt(b) antigen has moderately low incidence the United States but is common
in the Israeli population. Because ACHE is GPI-linked to the RBC membrane,
RBCs of patients with paroxysmal nocturnal hemoglobinemia lack Yt antigens as
well as Cromer antigens.24

The Dombrock blood group system comprises an antithetical pair, Do(a/b), and the
high-incidence antigens Hy and Jo to which antithetical antigens have not been iden-
tified. Although anti-Do(a) and anti-Do(b) are uncommon, they may cause hemolytic
transfusion reactions. Genotyping is essential to identify compatible blood donors
because reliable reagent Dombrock antisera are extremely rare.
The Colton blood group system comprises an antithetical pair, Co(a/b), and a high-

incidence antigen Co3, carried on the aquaporin water channel protein AQP1.
Absence of Co3 results in the null phenotype, Co(a–b–), which has only been
described in rare individuals.
The LW blood group system comprises an antithetical pair, LW(a/b), carried on the

intracellular adhesion molecule ICAM-4. Expression of LW antigens is strongly influ-
enced by the presence or absence of Rh proteins, so that anti-Lw(a) may be confused
with anti-D. Genotyping can be helpful in making this distinction correctly.
The Cromer blood group system comprises 12 high-incidence and 3 low-incidence

antigens that are carried on CD55, the complement regulatory protein decay acceler-
ating factor.25,26 The Cr(a-) phenotype is found mainly in the African American popula-
tion, although it is still rare. The antithetical antigens to Cr(a) has not been identified. The
rare Cromer null phenotype, also termed Inab, is associatedwith lack of CD55 onRBCs.
In contrast to patients with paroxysmal nocturnal hemoglobinuria, Inab RBCs are resis-
tant to complement-mediated lysis. The molecular basis of the Inab phenotype is an
SNP or introduction of an alternate splice site, which results in a premature stop codon.
The Knops blood group system contains 8 antigens that are carried on complement

receptor 1.27 In the white population, McC(b) and Sl(a) are low incidence but in the
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African American population they are common. Antibodies to Knops antigens are clini-
cally insignificant but are often encountered in pretransfusion testing as so-called high-
titer, low-avidity antibodies, which often demonstrate observable hemagglutination
through serial dilutions and can complicate the immunohematology work-up when there
is suspicion of an underlying clinically significant antibody. In such cases, genotyping
can be a useful adjunct in identification and in excluding clinically significant specificities.

PLATELET ANTIGEN EXPRESSION

Platelets carry antigens of importance to the transfusion medicine, including ABO HLA
class I and platelet-specific antigens. The antigens whose expression are restricted to
platelets, and as such must be investigated separately from the RBC antigens, are
grouped into the human platelet antigen (HPA) nomenclature system (Table 2).28

Table 2
Genetic basis of human platelet antigens

Antigen Glycoprotein
HGNC
Identifier Chromosome

Nucleotide
Change

Mature
Protein

HPA-1a/1b GPIIIa ITGB3 17 176T > C L33P

HPA-2a/2b GPIba GP1BA 17 482C > T T145M

HPA-3a/3b GPIIb ITGA2B 17 2621T > G I843S

HPA-4a/4b GPIIIa ITGB3 17 506G > A R143Q

HPA-5a/5b GPIa ITGA2 5 1600G > A E505K

HPA-6w GPIIIa ITGB3 17 1544G > A R489Q

HPA-7w GPIIIa ITGB3 17 1297C > G P407A

HPA-8w GPIIIa ITGB3 17 1984C > T R636C

HPA-9w GPIIb ITGA2B 17 2602G > A V837M

HPA-10w GPIIIa ITGB3 17 263G > A R62Q

HPA-11w GPIIIa ITGB3 17 1976G > A R633H

HPA-12w GPIbb GP1BB 22 119G > A G15E

HPA-13w GPIa ITGA2 5 2483C > T T799M

HPA-14w GPIIIa ITGB3 17 1909_1911delAAG K611del

HPA-15a/15b CD109 CD109 6 2108C > A S682Y

HPA-16w GPIIIa ITGB3 17 497C > T T140I

HPA-17w GPIIIa ITGB3 17 662C > T T195M

HPA-18w GP1a ITGA2 5 2235G > T Q716H

HPA-19w GPIIIa ITGB3 17 487A > C K137Q

HPA-20w GPIIb ITGA2B 17 1949C > T T619M

HPA-21w GPIIIa ITGB3 17 1960G > A E628K

HPA-22bw GPIIb ITGA2B 17 584A > C K164T

HPA-23bw GPIIIa ITGB3 17 1942C > T R622W

HPA-24bw GPIIb ITGA2B 17 1508G > A S472N

HPA-25bw GPIa ITGA2 5 3347C > T T1087M

HPA-26bw GPIIIa ITGB3 17 1818G > T K580N

HPA-27bw GPIIb ITGA2B 17 2614C > A L841M

Abbreviation: HGNC, Human Genome Organisation Gene Nomenclature Committee.
Data from European Molecular Biology Institute–European Bioinformatics Institute. IPD-HPA

database. Available at: http://www.ebi.ac.uk/ipd/hpa/. Accessed April 16, 2013.
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To date, 33 HPAs have been defined at the molecular level. Six biallelic HPA pairs
(HPA-1a/1b, HPA-2a/2b, HPA-3a/3b, HPA-4a/4b, HPA-5a/5b, HPA-15a/15b) have
been identified, with the higher frequency allele being designated with a lowercase
‘‘a,’’ Antigens for which the corresponding allele has not been defined serologically
are designated by “w” (workshop).
Identification of platelet antigens by phenotype is more difficult than RBC phenotyp-

ing. The most commonly used method is flow cytometry. This, however, requires
specialized instrumentation. In addition, high-quality antisera are difficult to obtain.
Most human sera containing platelet antibodies also contain HLA class I antibodies
or are multispecific. Antisera for low-frequency antigens are rare. For these reasons,
genotyping has largely replaced phenotyping as a means of HPA determination.
A variety of molecular methods can be used for HPA genotyping. Because almost all

of HPAs arise from single base substitutions, the most commonly used method for HPA
genotyping is PCR DNA amplification using oligonucleotide PCR-SSPs. The amplifica-
tion conditions must be optimized for each specific primer set. PCR-SSP is commonly
used because it is a simple and inexpensive procedure; however, post-PCR processing
steps are required. Melting curve analysis is another commonly used method for HPA
genotyping. In this technique, PCR amplification of DNA containing the platelet SNP
of interest is performed using flanking primers. The product is detected using 2 differ-
ently labeled fluorescent oligonucleotide probes that bind to adjacent sequences on a
patient’s DNA near the SNP. Binding of both probes is detected by fluorescence reso-
nance energy transfer. The instrument takes a series of readings at increasing temper-
atures that allow the probes to dissociate, or melt off, at different temperatures,
generating a melting curve, the shape of which depends on the presence or absence
of the SNP of interest. A third method is the 50-nuclease assay, or TaqMan, real-time
(RT) PCR assay. This uses 3 sequence-specific, single-stranded DNA probes (TaqMan
probes) 50 labeled with different reporter fluorophores, and a quencher molecule
attached to the 30 ends. The probes are designed to bind to the platelet SNP of interest
on the DNA template. When bound in close proximity to the quencher, the fluorescence
of the reporter is reduced through fluorescence resonance energy transfer. Practical
genotyping for large-scale screening, such as blood donor or fetal and neonatal alloim-
mune thrombocytopenia (FNAIT) screening, requires high-throughput methods. Several
multiplex, PCR-based, high-throughput systems using glass slide microarrays, micro-
plate arrays, and liquid bead arrays have been described.29–33

The most common clinical situations in which platelet antigen determination are
used are FNAIT and post-transfusion purpura. Less common uses include evaluation
of platelet transfusion refractoriness, immune thrombocytopenia (ITP), and drug-
induced ITP. In FNAIT, maternal IgG alloantibodies to platelet antigens cross the
placenta causing fetal and subsequently neonatal thrombocytopenia. Determination
that themother is negative for the implicated platelet antigen establishes that the preg-
nancy is at risk; however, it does not necessarily indicate that the pregnancy is
affected. Determination that the father is homozygous for the implicated antigen or
that the fetus is positive identifies the pregnancy as high risk. Post-transfusion purpura
is a rare complication of transfusion in which alloimmunization to a platelet antigen is
coincident with a period of severe thrombocytopenia. Determination that a patient is
negative for the implicated platelet antigen establishes the diagnosis. For both of
these applications, genotyping has distinct advantages compared with phenotyping,
because it does not require platelets and may be performed on somatic DNA obtained
from peripheral blood, buccal swab, or amniotic fluid. Platelet antigen determination
has a limited role in management of the multitransfused platelet refractory patient
because antibodies to HPA are rare in this setting and, when they do occur, are usually
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in conjunction with HLA antibodies.26 In ITP and drug-induced ITP, antibody identifi-
cation rarely requires HPA typing.

CELL FREE NUCLEIC ACID TESTING

During the past decade, the discovery of cell-free nucleic acids in serum, plasma,
urine, or other body fluids has promoted investigation of genes encoding proteins
as a means to detect diseases with potentially greater sensitivity. Normally, DNA is
isolated from tissue through standard procedures using phenol chloroform extraction
followed by ethanol precipitation. DNA can also be obtained, however, directly from
serum, plasma, or other body fluids by centrifugation, separating it from cells and
platelets and subsequently interrogated using amplification methods, such as RT-
PCR or other detection methods.34 The use of cell-free nucleic acid interrogation
also has application to the discipline of transfusion medicine.35 Studies on fetal
RHD typing in maternal plasma samples of pregnant women in different periods of
pregnancy have been reported.36–38 Studies by Brojer and colleagues36 found that
maternal plasma may be confidently used as a sample source for detection of fetal
RHD genotyping (99.6% predictive value) after 1 set of RT-PCR procedures, with
the understanding that implementation of additional polymorphisms can increase
the predictive value to 100%. Recent studies on noninvasive genotyping of other
blood group alloantigens (D, c, E, and Kell) have also been reported.39 In the setting
of FNAIT, genotyping for fetal platelet antigens can also be performed on cell-free fetal
DNA extracted from maternal plasma.40,41

Future applications of molecular technology to the field of transfusion medicine will
continue to provide additional diagnostic opportunities for increased sensitivities,
reduced turnaround times, cost containment, and population informatics for optimal
patient care.
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INTRODUCTION

Several hematologic malignancies are associated with diverse genetic aberrations
that range from single base-pair substitution to complete chromosomal abnormalities.
Before the development of the current modern molecular and cytogenetic techniques,
distinguishing between specific diseases was often time consuming and difficult. In
the molecular era, however, cytogenetic and molecular tests are commonplace and
critical to diagnose hematologic malignancies. Moreover, such testing also plays a
significant role in determining prognosis, therapy, and disease status (remission or
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relapse). The 2016 update of the World Health Organization (WHO) Classification of
Tumours of Haematopoietic and Lymphoid Tissues integrates new categories of dis-
eases based on molecular signatures as well as established and provisional entities
and expands the 2008 edition in this respect.1–3 These signatures have the potential
to improve understanding of the disease process andmay lead to diagnostic and ther-
apeutic advances.

MOLECULAR TESTS USED TO IDENTIFY CLONAL T-CELL AND B-CELL POPULATIONS
Immunoglobulin Gene Rearrangement

Immunoglobulins are B-cell receptors (BCRs) found on B lymphocytes and able to
bind antigens with high specificity. At the protein level, each immunoglobulin (anti-
body) is formed of heavy chains and light chains. Based on size and amino acid
composition, the heavy chains are divided into 5 isotypes (classes) represented by
the Greek letters a, d, ε, g, and m, which are representative of the immunoglobulins
class of heavy chains, IgA, IgD, IgE, IgG, and IgM, respectively. The light chain is
much smaller than the heavy chain and consists of 1 of 2 possible isotypes, kappa
or lambda, represented by the Greek letters k and l, respectively. The Ig contains 2
identical heavy chains and 2 identical light chains. Each chain contains 1 constant re-
gion that is similar for each isotype and 1 variable region that is different in amino acid
sequence for the same isotype. The variable regions of the heavy and light chains un-
dergo gene rearrangement during B-cell development and maturation. An individual B
cell, therefore, produces 1 distinct Ig composed of 1 unique variable region for the
heavy chain and another unique variable region for the light chain.
Humans inherit many variable region gene segments called germline genes. The

immunoglobulin heavy chain gene locus (IGH@) is located on chromosome
14q32.Genes that encode light chains, however, are located on 1 separate chromo-
somes. Immunoglobulin kappa locus (IGK@) is located on chromosome 2p11.2 and
immunoglobulin lambda locus (IGL@) is located on chromosome 22q11.22. The vari-
able region of the IGH@ contains variable numbers of variable (V), diverse (D), and
joining (J) gene regions. The light chains also contain a different number of V and J
gene regions but lack the D gene region.4,5 These genes are vital for generating the
diverse number of human antibodies required and encode for more than 100 variable
regions that encode for the first 90 to 95 amino acid of the variable region. The rest of
the variable region, the last 15 to 20 amino acids, are present further along the chro-
mosome in a linked set of DNA. Chronologically, the heavy chain variable region rear-
rangement precedes that of the light chain. Successful IGH rearrangement triggers the
rearrangement of IGK@ and failure to achieve successful IGK rearrangement subse-
quently triggers the rearrangement of IGL@. In addition, the recombination of an indi-
vidual variable region also occurs in an ordered sequence. The heavy chain
recombination first occurs between 1 randomly selected D and J gene region followed
by the joining of 1 V gene region. Then the constant chain gene is added and similarly
the rearrangements of IGK@ and IGL@ start by joining the V and J gene regions to give
a VJ complex before the addition of the constant chain gene.4,5

T-Cell Gene Rearrangement

Each T-cell receptor (TCR) consists of 2 different chains coupled together. TCRa
(TCRA) and TCRb (TCRB) chains are present in approximately 95% of the TCR with
the rest formed by TCRg (TCRG) and TCRd (TCRD) chains. The genes encoding the
TCRd chain are located within the TCRa gene on chromosome 14q11-12, whereas
the TCRb and TCRg genes are located on chromosome 7q32-35 and 7p15,
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respectively. Each chain consists of 1 V and 1 constant (C) region.6 The variable cod-
ing regions of TCRa and TCRg are generated by the recombination of VJ regions (like
Ig light chain), whereas those that form TCRb and TCRd are generated by the recom-
bination of VDJ regions (like Ig heavy chain). The TCR contains different numbers of V,
D, and J gene regions. The recombination occurs in a similar pattern to that of immu-
noglobulin heavy and light chains. Because TCRd genes are located within the TCRa
genes, the rearrangement of TCRa, which occurs first, causes the deletion of the
embedded TCRd gene region.6

The basic concept behind testing for immunoglobulin and TCR gene rearrangement
is that large numbers of B cells and/or T cells respond to any single antigen encoun-
tered and this leads to having many B cells and T cells each with different rearranged
non-germline variable regions. Neoplastic T calls and B cells have the same rear-
ranged variable region of the TCR or heavy chain and of the light chain. Most T-cell
and B-cell neoplasms have clonal rearrangement of the variable region that can be
detected by various methods including the Southern blot hybridization assay and po-
lymerase chain reaction (PCR) assay.

Southern Blot Analysis for Rearrangement of Immunoglobulin and T-Cell Receptors

In the past, Southern blot hybridization assay was considered the gold standard assay
for detecting rearrangements of both B-cell and T-cell receptors. Currently, however,
this test is rarely used in clinical molecular testing.

Polymerase Chain Reaction Assay for Rearrangement of Immunoglobulin and T-Cell
Receptors

Themost targeted region for B-cell neoplasm is the immunoglobulin heavy chain gene,
and for the T-cell neoplasm, the TCRg gene region. Accurate knowledge of the rear-
ranged gene segments is required to design primers, and this problem is solved by the
commercial availability of many tested probes with great specificity. In B-cell
neoplasm, most PCR probes target the consensus sequence of the J region and
the framework segment of the V region of the heavy chain. For many years the draw-
back of PCR assay of these regions was the false-negative results, especially in tu-
mors that undergo somatic hypermutation and subsequently change the primer
binding site.
Diffuse large B-cell lymphoma (DLBCL), follicular lymphoma, subset of chronic lym-

phocytic leukemia/small lymphocytic lymphoma, and marginal zone lymphoma tend
to undergo somatic hypermutation more than others, and the use of additional primers
may decreases the false-negative rate in such lesions.7 Recently, most diagnostic lab-
oratories are using the newly described BIOMED-2 protocol.8 The assay targets mul-
tiple variable gene segments in rearranged immunoglobulin and TCR genes. The
primers are designed to probe 3 VH-JH regions, 2 DH-JH regions, 2 IGK regions, 1
IGL region, 3 TCRb regions, 2 TCRg regions, and 1 TCRd region. This protocol detects
almost all clonal B-cell populations, including those with a high rate of somatic
hypermutation.
In addition, because TCRg region is rearranged in almost all T-cell neoplasms and

many show TCRB gene rearrangements, BIOMED-2 protocol has the ability to detect
virtually all clonal T-cell populations.8,9 Small clonal B-cell and T-cell populations,
however, have the potential to be missed. On the other hand, because of the high
sensitivity of PCR assay, a small number of polyclonal B cells or T cells could be ampli-
fied and cause erroneous interpretation of the presence of a clonal population. There-
fore, correlation with the morphologic and immunophenotypic findings is required at
all times.
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OTHER MOLECULAR TESTS USED IN NON-HODGKIN B-CELL AND T-CELL LYMPHOMAS
B-Cell Leukemia/Lymphoma 2 Translocation Assay

B-cell leukemia/lymphoma (BCL)-2 is located on chromosome 18q21.33 and is nor-
mally expressed by mantle zone B cells. Immunohistochemical studies demonstrate
that primary follicles composed predominantly of B cells are usually positive for
BCL-2.10 T cells also express BCL-2, in particular interfollicular T cells. Germinal
center B cells are negative for BCL-2, and positive results may indicate a lymphoma.
Follicular lymphoma is the most common lymphoma to express BCL-2 (approxi-
mately 85%–90%), and approximately 20% to 30% of DLBCLs are positive for
BCL-2. In lymphomas, BCL-2 protein is abnormal, and results from translocation
between chromosomes 14 and 18: t(14;18) (q32;q21). The placement of the antia-
poptotic gene BCL-2 in close proximity to the highly active immunoglobulin gene
of the heavy chain causes excessive up-regulation of this protein and this potenti-
ates its antiapoptotic activity.
The 2016 update of the WHO Classification of Tumours of Haematopoietic and

Lymphoid Tissues replaced the provisional category of B-cell neoplasms with features
intermediate between DLBCL and Burkitt lymphoma (BL) with 2 categories based on
the presence or absence of MYC, BCL-2, and or BCL-6 gene rearrangements. The
first category is called high-grade B-cell lymphoma with MYC, BCL-2, and/or BCL-6
translocation (double-hit or triple-hit lymphoma). Cases that are confirmed to be follic-
ular lymphoma by morphology or B-lymphoblastic lymphoma by immunophenotype
are excluded. The second category of this high-grade B cell lymphoma is character-
ized by having the same morphologic and immunophenotypic findings but lacks MYC
translocation. This entity is called high-grade B-cell lymphoma, not otherwise speci-
fied (NOS).
Studies reported that approximately 65% of the breakpoints in BCL-2 gene

(18q21.33) are located at the major breakpoint region (MBR) and approximately 9%
are located at the minor cluster region. The rest of the breakpoints with documented
BCL-2 translocation could not be mapped. Survival studies, however, did not show
any correlation between breakpoint location and clinical outcome. The joining (JH6)
segment of the immunoglobulin heavy chain was the most frequently involved what-
ever the breakpoint location. Most primers used in PCR assays target the MBR of
BCL-2 and JH6 region of the immunoglobulin heavy chain.
Fluorescence in situ hybridization (FISH) is more sensitive in detecting BCL-2 trans-

location than PCR assay. This is because PCR assay is limited by the size of the primer
needed for the PCR reaction, whereas FISH can use large spanning probes, because
all that is needed is hybridization of the probe to its complementary sequence. Studies
found that the higher the grade of follicular lymphoma the more likely it is not to show
BCL-2 translocation. As with all ancillary tests, correlation with the morphologic find-
ings is required, because low levels of BCL-2 can be detected in the peripheral blood
of normal individuals.

Cyclin-D1 Translocation Assay

Cyclin-D 1 (CCND1), also known as BCL-1, is located on chromosome 11q13.3 and is
the hallmark of mantle cell lymphoma (MCL). CCND1 is also expressed by a subset of
plasma cell myeloma. CCND1-positive myeloma is also positive for t(11;14), and most
myeloma cells are CD20 positive with the morphologic appearance of small plasmcy-
toid lymphocytes. In addition, a small subset of hairy cell leukemia may show weak
expression of CCND1 protein and predominantly negative for t(11;14). The t(11;14)
places CCND1 gene in juxtaposition to the highly active immunoglobulin gene of
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the heavy chain causing overexpression of CCND1 protein. CCND1 is a nuclear, cell-
cycle control protein and in normal cells is maximally expressed in G1 phase.11 All
normal lymphocytes are negative for CCND1 expression by immunohistochemical
studies.
In approximately 50% of MCLs, the breakpoint of the translocation is located at 1

area, termed major translocation cluster. The rest of the breakpoints, however, are
not linked to any specific region. Therefore, the PCR assay is not that sensitive for
CCND1 translocation. FISH analysis using large, dual-fusion probes is the most sen-
sitive assay. Less than 5% of classic cases of MCLs are CCND1-negative. The diag-
nosis of such category becomes more difficult because this lymphoma is usually
negative for t(11;14). Identification of SOX11 protein in neoplastic cells may be helpful
in such a scenario.12

Recently, the detection of the mutational status of the IGHV gene in MCL has started
to gain ground. MCL that has unmutated IGHV tends to express SOX11 protein
expression by immunohistochemistry and show more aggressive clinical course and
more nodal involvement. On the other hand, MCL with mutated IGHV has indolent clin-
ical course, is SOX11 negative, shows blood, and has bone marrow involvement
pattern.

B-Cell Lymphoma 6 Translocation Assay

B-Cell Lymphoma 6 (BCL-6) is a transcriptional repressor that blocks thematuration of
B cells to plasma cells and is essential for the formation of germinal centers.13 The
BCL6 gene is located on chromosome 3q27.3, and the protein is normally expressed
in the nuclei of germinal center B cells and T cells. The 3q27 translocation affecting
BCL-6 gene has been observed in 20% to 40% of DLBCLs and in 5% to 10% of follic-
ular lymphomas. The partner of a BCL-6 translocated gene can be an Ig or non-Ig part-
ner. In 1 study, a total of 120 BCL-6 breakpoint found that 62 breakpoints (52%) joined
to immunoglobulin heavy chain; 12 to immunoglobulin light chains (10%); and 46 to
non-Ig partners (38%). Approximately 20 non-Ig partner genes have been identified,
including 1p32, 7p11, 7p21, 14q11, and 16p13. Some studies suggest that DLBCL
with non-Ig/BCL-6 fusion has a poor prognosis. Breakpoints at 3q27 are predomi-
nantly located in the 50 untranslated region of BCL6 that has been called the
MBR.14 As with BCL-2, many of the break-points may locate outside the MBR.
Thus, the PCR assay using specific probes may not detect BCL-6 rearrangement.
Many diagnostic laboratories are using FISH break-apart probes spanning the BCL6
locus and not the dual-fusion IGH@/BCL6-specific probes.

Cellular Myelocytomatosis Translocation Assay

Cellular myelocytomatosis (C-MYC) gene is a transcription factor located on chromo-
some 8q24. In normally growing cells, C-MYC is produced in small amounts. This pro-
duction is tightly regulated during cell cycle and it returns back to its basal level in
nondividing cells. Abnormally produced C-MYC activates a protective pathway
through the induction of p53-dependent cell death pathway, among others, such as
p14ARF and BCL-2 like protein 11, which forces such cells to undergo apoptosis.
p53 plays an important role in MYC-induced apoptosis, and approximately 30% of
endemic BLs harbor a p53 mutation. BL is characterized by having C-MYC transloca-
tion with the JH region of immunoglobulin heavy chain (14q32) (80%) and less
frequently with the loci of immunoglobulin light chains (kappa or lambda), with slight
preference for partnering with kappa (15%) than lambda (5%) gene segments.
C-MYC is detected in virtually all cases of BL and in high numbers of AIDS-related

lymphoma, including EBV-positive and EBV-negative cases. In addition to being
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reported in de novo cases of DLBCL (10%), some cases of Richter transformation of
chronic lymphocytic leukemia/small lymphocytic lymphoma have C-MYC transloca-
tion.15 C-MYC is also detected in other lymphomas and plasma cell myeloma with
much less frequency.
Based on the chromosomal breakpoints relative to the C-MYC gene, the transloca-

tions have been classified into 3 classes. Translocations within the 50 first noncoding
exon or intron of 50 region of C-MYC gene have been designated as class I, those with
breakpoints immediately upstream of the gene as class II, and those with breakpoints
distant as class III. Studies have found that the breakpoints in BL are different between
the sporadic and endemic entities of BL. All cases of BL have C-MYC translocation;
however, rearrangement of C-MYC gene, close to the 50 first noncoding exon or intron
region, is predominantly demonstrated in sporadic BL (class I). C-MYC gene in most
cases of endemic BL is translocated as an intact nonrearranged gene. In this case, the
breakpoint in chromosome 8 is found outside the C-MYC gene (class III).
Several methods are used to detect C-MYC translocation, including conventional

cytogenetics (CCs), Southern blot, and FISH. Among all, FISH detection is the method
most used by laboratories. Because C-MYC translocations show no constant clus-
tering of breakpoints, the PCR detection method is not the best test to look for
C-MYC translocation. Both fusion and break-apart probes are used. Break-apart
probes, designed to span most of the C-MYC region, are usually applied to test for
C-MYC rearrangement including those arising from variant translocations. Specific
fusion probes are then applied to detect the t(8;14), t(2;8), and t(8;22) abnormalities.
Up to 10% of BL cases may lack a demonstrable C-MYC translocation by FISH and
southern blot hybridization probes hybridizing to class II and class III region may be
helpful to detect translocations in such cases.
The 2016 update of the WHO Classification of Tumours of Haematopoietic and

Lymphoid Tissues has added the entity of Burkitt-like lymphoma with 11q aberration
as a provisional entity to describe a group of lymphomas that has the morphologic fea-
tures and gene expression profile of BL in the absence of MYC rearrangement. The
11q abnormalities that characterize such group of lymphomas include chromosome
11q proximal gain and telomeric gene loss.

Mucosal-Associated Lymphoid Tissue Translocation Assay

The t(11;18) (q21;q21) is the most common translocation in mucosal-associated
lymphoid tissue (MALT) lymphomas and is found in approximately 30% to 40% of
MALT lymphomas. The next encountered translocation is t(14;18) (q32;q21), which
is seen in approximately 10% to 20% of cases.16,17 The most common sites for the
t(11;18) (q21;q21) are stomach and lung, and it involves the gene of API2, member
of the apoptosis suppressor family on chromosome 11q21 and MALT1 gene on chro-
mosome 18q21. The t(14;18) involves the immunoglobulin heavy chain locus 14q32
and the MALT gene 18q21 and is detected in MALT lymphoma of the liver, skin, ocular
adnexa, and salivary glands but less frequently in MALT lymphoma involving other
sites.
Other translocations have been described in MALT lymphoma, including t(1;14)/

IGH-BCL10 and t(3;14)/IGH-FOXP1. These two translocations are rare, found in
approximately 2% of MALT lymphoma each and they are not confined to any specific
site. Continuous activation of nuclear factor kappa B is the main mechanism by which
the t(11;18)/API2-MALT1, t(14;18)/IGH-MALT1, and t(1;14)/IGH-BCL10 promote lym-
phoma. The function of the t(3;14)/IGH-FOXP1 in MALT lymphoma remains unclear.
Gastric lymphomas with t(11;18)/API2-MALT1 respond poorly to treatment directed

against Helicobacter pylori microorganism. They show less than 10% of durable
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remission at long-term follow-up, and they may spread to regional lymph nodes or
distal sites. Most high-grade transformation of MALT lymphomas, however, is seen
in non–translocation-associated lymphoma rather than those with positive transloca-
tion. Neoplastic cells of MALT lymphoma associated with either t(11;18) or t(1;14)
demonstrate nuclear expression of BCL-10 by immunohistochemistry.
As with other low-grade lymphomas, using CC analysis for detecting MALT trans-

locations is hampered by the low yield and poor quality of metaphase spreads. In
addition, cytogenetic analysis cannot differentiate between t(14;18) caused by IGH/
BCL-2 and that caused by IGH/MALT1 because the 18q21 region contains the
BCL-2 and MALT1 loci. Therefore, interphase FISH is becoming the main test to
look for such translocations.

Anaplastic Lymphoma Kinase Translocation Assay

Anaplastic lymphoma kinase (ALK), or CD246, is a type II transmembrane receptor
tyrosine kinase and is a member of the insulin receptor superfamily involved in the
development of the nervous system. ALK is not expressed in normal and hyperplastic
lymphoid tissue. Approximately 85% of pediatric and 35% of adult anaplastic large
cell lymphomas (ALCLs) are associated with a recurrent cytogenetic abnormality
that involves ALK in locus 2p23.18 ALK protein is also expressed by a subset of
DLBCL. Deregulated ALK fusion protein has been reported in neural origin tumors,
such as retinoblastoma and neuroblastoma, and some cases of lung carcinoma and
melanoma. In ALCL, ALK expression is associated with better 5-year survival rates
compared with ALK-negative ALCL. The most common partner for ALK protein is
the nucleophosmin (NPM) gene located at 5q35 and is seen in approximately 80%
of the ALK-positive ALCLs. NPM is a nucleolar protein responsible for protein shuttling
between the cytoplasm and the nucleus. The t(2;5) results in expression of a novel
fusion protein, NPM-ALK (also called p80) that has tyrosine kinase activity and has
been shown to induce a lymphoma-like disease in mice. By immunohistochemistry,
the NPM-ALK fusion protein can be nuclear or cytoplasmic.
Other partner genes have been described in about 15% to 20% of ALK-positive

ALCLs, including TRK fused gene (TFG) at 3q21, TFG-ALK, tropomysin 3 (TPM3) at
locus 1q25, topomysin 4 (TPM4) at locus 19p13, and clathrin chain polypeptide-like
gene at locus 17q11, among others.19 No difference in survival is seen between the
ALK-NPM translocation and the variant translocations. When ALK partners with other
than NPM gene, it produces cytoplasmic or membranous staining patterns by immu-
nohistochemical studies.
NPM-ALK fusion transcripts can be detected by PCR using primers targeting the

ALK portion of the transcript. Because low levels of detection can be seen in the pe-
ripheral blood and lymph node of healthy individuals, however, only the high-level
detection matches with the presence of ALK fusion gene identified by CCs and
FISH studies. In most laboratories, the FISH break-apart probes that hybridize to
the 2 ends of the ALK gene breakpoint are routinely used to detect the t(2;5) and
variant translocations, because documenting ALK translocation is more clinically
important than identifying its partner chromosome.

MOLECULAR TESTS USED TO IDENTIFY DEFINING CYTOGENETIC ABNORMALITIES OF
THE LEUKEMIAS
Acute Myeloid Leukemia with t(15;17) (q22;q21)/Acute Promyelocytic
Leukemia–Retinoic Acid Receptor-Alpha

In acute myeloid leukemia (AML) the identification of t(15;17) (q22;q21) is diagnostic of
acute promyelocytic leukemia (APL), representing approximately 10% of AMLs. In
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addition to having this defining cytogenetic abnormality, APL has its own distinctive
morphologic and immunophenotypic characteristics with high prediction of the dis-
ease. The urgency of early diagnosis of APL is generally attributed to a tendency to
develop disseminated intravascular coagulation and the responsiveness of the dis-
ease to all-trans retinoic acid (ATRA) and arsenic trioxide therapy. The presence of
t(15;17), and t(8;21) and inv(16) as a solo abnormality in AML is associated with a favor-
able prognosis.
The t(15;17) (q22;q21) involves the promyelocytic leukemia (PML) gene from chro-

mosome 15 and the retinoic acid receptor alpha (RARA) gene from chromosome 17
to produce PML-RARA fusion gene or RARA-PML reciprocal product. In most cases,
the breakpoint on chromosome 17 is located in intron 2 of the RARA gene. The PML
gene, however, has 3 breakpoint cluster regions (bcr) called bcr1 at intron 6 (long [L-
form]), bcr2 at exon 6 (variant [V-form]), and bcr3 at intron 6 (short [S-form]) forms,
based on the size of the end products. The L-form and S-form represent approxi-
mately 90% of the t(15;17) positive cases.
Generally, the t(15;17) can be detected in 98% of typical APL cases. The rest (2%) of

typical APL cases have either a cryptic (submicroscopic) PML breakpoint or RARA
translocation with rare variants, including t(11;17) (q23;q21) that forms the PML zinc
finger protein RARA fusion (PLZF-RARA), t(5;17) (q35;q21) that forms NPM-RARA
fusion, t(11;17) (q13;q21) that generates nuclear mitotic apparatus-RARA transcript
(NUMA-RARA), and der(17) that forms the signal transducer and activator of
transcription-RARA fusion (STAT5b-RARA).20,21 Few other variants have been re-
ported to partner with the RARA gene; however, their novelty has to be confirmed. Var-
iants PLZF-RARA and NPM-RARA fusion genes may have reciprocal products.
Patients with APL with PLZF-RARA gene fusion may respond to histone deacetylase
inhibitors rather than ATRA or arsenic trioxide therapy.
Peripheral blood or bone marrow samples can be used to look for the t(15;17) or

other variant translocation abnormalities. CC may detect 75% of the APL associated
translocations. The major problem with CC, however, is the increased risk of false-
negatives. FISH is considered more sensitive, and it can detect up to 98% of the cases
when the correct probes are used. Both dual-color fusion probes and break-apart
probes can be used, even though the latter need further work-up. In cases of cryptic
PML fusion gene, or whenminimal residual disease is to be investigated, FISH analysis
on different metaphases and interphases from cytogenetic cultures has been shown
useful. Reverse transcriptase (RT)-PCR also can be used in such conditions. The
only caveat is that sometimes RT-PCR may produce several bands in patient sample
with bcr2 PML breakpoint, and they could be potentially misinterpreted as nonspecific
amplification products.

Acute Myeloid Leukemia with t(8;21) (q22;q22)/RUNX1-RUNX1T1

The t(8;21) constitutes approximately 5% to 10% of all cases of AML and it results
from the fusion of Runt-related transcription factor 1 (RUNX1) gene on 21q22 and
the RUNX1T1 (RUNX1-translocated to 1) gene on 8q22.22 RUNX1, also known as
AML 1 protein (AML1) and core-binding factor subunit alpha-2 (CBFA2), is expressed
by all hematopoietic elements. Core binding factor includes the DNA binding unit
RUNX1 (in addition to RUNX2 and RUNX3 subunits) and the non-DNA binding CBF
subunit-beta (CBFB). All 4 subunits are necessary for the formation of normal hemato-
poietic stem cells during embryogenesis. RUNX1T1, also known as Eight Twenty One,
is a transcription regulatory protein that binds to nuclear histone deacetylases and
transcription factors to block differentiation of hematopoietic elements. Some reports
indicate that approximately 3% of AMLs associated with t(8;21) have variant
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translocations for which their significance needs to be clarified. The breakpoint in both
genes of RUNX1 and RUNX1T1 are clustered in highly conserved regions, intron 5 to 6
in RUNX1and in intron 1b-2 in RUNX1T1. Therefore, most of the translocations create
a fusion transcript made of the 50 region of RUNX1 fused to the 30 region of RUNX1T1
gene and form the same fusion transcript that can be detected in all patients. The
t(8;21) can be detected by CC and FISH analysis using locus-specific probes for
AML1–Eight Twenty One fusion. False-negative results in FISH analysis may occur if
the malignant cells represent less than 10% of the cells present in the specimen. In
such situations, RT-PCR analyses can also be used to detect and confirm the pres-
ence of the RUNX1-RUNX1T1 fusion gene.

Acute Myeloid Leukemia with inv(16) (p13.1q22) or t(16;16) (p13.1;q22)/CBFB-MYH11

The inv(16) and t(16;16) occur in approximately 5% of pediatric cases and 7% of adult
AML cases. Most cases of AML, however, with abnormal eosinophils (AML-M4Eo) are
associated with inv(16) (p13.1q22) or, to a lesser extent, with t(16;16) (p13.1;q22).23

Both result in the fusion of the CBFB gene at 16q22 to the myosin heavy chain 11
(MYH11) gene at 16p13.1 locus. Even though the CBFB–MYH11 chimeric protein
tends to be sequestered in the cytoplasm, it has the ability to interfere with the func-
tion, in a dominant-negative manner, of CBF. Such mechanism is postulated to impair
cell differentiation and increase predisposion to leukemic cell transformation. The
breakpoint in CBFB gene occurs in intron 5, but the breakpoint in MYH11 is variable
and includes more than 8 regions on the gene. Therefore, CC analysis may overlook
cryptic (submicroscopic) fusion. In such conditions, the use of FISH and RT-PCR
methods may be important to detect CBFB/MYH11 fusion gene. Other structural ab-
normalities are seen in approximately 30% to 40% of cases, including trisomy 22, tri-
somy 8, and 7q deletion. Because trisomy 22 is rare in other acute leukemias, the
presence of trisomy 22 without detectable inv(16) or t(16;16) by CC may suggest
the presence of a possible cryptic genetic alteration.

Acute Leukemia with 11q23/Mixed Lineage Leukemia Translocation

Mixed lineage leukemia (MLL) gene is located at 11q23 locus and it functions as a pos-
itive regulatory gene in hematopoiesis development during embryogenesis.24 The
presence of rearranged MLL gene is considered an unfavorable prognostic indicator
and is observed in approximately 3% to 4% of AMLs and in approximately 3% to
7% of acute lymphoblastic leukemias (ALLs). Translocated MLL gene is seen in
AML and ALL affecting adult and infant patients and in most patients with therapy-
related acute leukemia caused by previous history of topoisomerase II inhibitor ther-
apy.24 Breakpoints in the MLL gene are located between exon 5 and exon 11. To
date, more than 100 translocations have been reported to partner with the MLL
gene and most of them are cloned. Three partners have been identified in approxi-
mately 80%, including AF4 (ALL-1 fused gene on chromosome 4) gene to form
t(4;11) (q21;q23); MLLT3 (myeloid/lymphoid mixed lineage leukemia translocate 3)
gene to create t(9;11) (q21;q23); and MLLT1 gene to form t(11;19) (q23;p13). Rear-
rangement of 11q23 can be detected by CC, FISH analysis, and other molecular tests,
including Southern blot hybridization and RT-PCR. The CC ability to detect such rear-
rangement is limited by the presence of cryptic fusion, particularly when its partner has
a telomeric location. FISH is useful in such circumstances. In addition, FISH can
discriminate between true 11q23/MLL and rearrangements clustering within the
11q22 to 25 regions without MLL involvement. RT-PCR is the most sensitive approach
for detecting specific subtypes of MLL rearrangements when the partner gene is
known, otherwise multiplex RT-PCR approach is used.
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ACUTE LEUKEMIA WITH OTHER TRANSLOCATIONS
Acute Myeloid Leukemia with t(6;9) (p23;q34)/DEK-NUP214

This translocation is seen in approximately 1% to 2% of acute leukemias affecting
children and adults. The DEK-NUP214 chimeric protein encodes for altered nucleo-
porin fusion protein with an aberrant transcription factor activity that affects nuclear
transport. This translocation is associated with poor prognosis, multilineage dysplasia,
basophilia, and higher association with FLT3-ITD mutation. Some reports indicate the
presence of terminal deoxynucleotidyl transferase (TdT) in neoplastic cells. The break-
points in both genes are constant and this allows for the design of specific probe for
precise detection by RT-PCR.

Acute Myeloid Leukemia with inv(3) (q21q26.2) or t(3;3) (q21;q26.2)/RPN1-EVI1

This translocation is seen in 1% to 2% of adult AMLs and is associated with poor
response to therapy and dismal outcome. It results in the juxtaposition of the ribo-
phorin 1(RPN1) gene with the ecotropic viral integration site-1 (EVI1) gene that causes
defective cellular proliferation and differentiation and subsequent leukemic transfor-
mation. Inv(3) AML is associated with multilineage dysplasia with atypical megakaryo-
cytes, variable fibrosis, and peripheral thrombocytosis.25 Secondary cytogenetic
abnormalities are seen in approximately 40% of cases, including monosomy 7, 5q
del, and complex karyotypes. Rearrangement of EVI1 gene at 3q26 locus with other
chromosomes, including t(1;3) (p36.3;q21.1) and t(3;21) (q26.2;q22.1), t(2;3)
(p15;q26.2), and t(3;12) (q26.2;p13), are excluded. The former 2 translocations are
commonly seen in AML with myelodysplasia-related changes. The chromosomal
breakpoints at 3q26 in the translocation are in the 50 of the EVI1 gene, whereas the
breakpoints in the inversion cases are at the 30 of the gene. The fusion transcript
can be detected by RT-PCR and FISH analysis using dual-color probes, now commer-
cially available.

Acute Myeloid Leukemia (Megakaryoblastic) with t(1;22) (p13;q13)/RBM15-MKL1

This translocation is restricted to patients younger than 3 years old and constitutes
approximately 1% of AMLs. Morphologically, it is linked to acute megakaryoblastic
leukemia and commonly associated with variable amounts of bone marrow fibrosis,
hepatosplenomegaly, and poor outcome. The translocation results in the fusion of
RNA-binding motif protein 15 (RBM15) and megakaryocyte leukemia 1 genes
(MKL1). It has been postulated that the fusion protein causes impairment of megakar-
yoblastic proliferation and differentiation.
The t(1;22) can be detected by CC or FISH analysis. Some laboratories are using

RT-PCR to identify the chimeric mRNA.

ACUTE LEUKEMIA WITH GENE MUTATIONS

NPM1-mutated AML NPM1 mutations occur in approximately 50% of normal karyo-
types of AML and approximately 35% of AML associated with chromosomal aberra-
tion.26,27 Physiologically, NPM1 is a nucleolar protein that mediates the transport of
ribosomal proteins through the nuclear membrane. Aberration affecting NPM1 causes
its sequestration in the cytoplasm, thus preventing its function as a transport protein.
Deregulated NPM1 gene (5q35) may result from balanced translocation (t(2;5)
(p23;q35)/ALK-NPM1, t(5;17) (q35;q21)/NPM-RARA, and t(3;5) (q25.1;q34)/MLF1-
NPM1) or mutation.
The most common mutation is an insertion of 4 base pairs, in exon 12, resulting in a

frame-shift and replacement of the 7 C-terminal amino acids of the NPM1 protein by
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11 different residues that cause the disruption of the nucleolar localization signal.
Some studies indicated that mutated NPM1 inhibits the tumor-suppressor gene
p14-ARF. NPM1 mutations often coincide with mutations in FLT3 and such associa-
tion may decrease its favorable outcome. NPM1 mutation is analyzed by PCR ampli-
fication followed by fragment analysis by capillary electrophoresis to detect small
insertional mutations.

CCAAT Enhancer Binding Protein Alpha–Mutated Acute Myeloid Leukemia

CCAAT enhancer binding protein alpha is a transcription factor that is involved in
myeloid cell differentiation. Mutated CCAAT enhancer binding protein alpha is found
in approximately 10% of AMLs and is associated with good prognosis. Mutations
may involve both alleles with 1 allele having mutation in C-terminus and the other allele
in N-terminus.26,27 Less frequently, 1 allele with both C-terminus and N-terminus mu-
tations may present. Mutations are detected by PCR amplification followed by
sequencing.

Fms-Related Tyrosine Kinase 3 Gene–Mutated Acute Myeloid Leukemia

Fms-related tyrosine kinase 3 gene (FLT3) is a tyrosine kinase receptor that is involved
in cell maturation and inhibition of apoptosis. Mutated FLT3 is found in approximately
30% of AMLs and is associated with poor outcome.26,27 FLT3 may undergo point mu-
tation of the aspartic acid residue 835 (D835) on exon 20 or internal tandem duplica-
tion (ITD) of the juxtamembrane domain on exon 14/15. FLT3 mutations are detected
by multiplex PCR amplification followed by capillary electrophoresis for length muta-
tions (FLT3-ITD) and resistance to EcoRV digestion (D835). Studies have found that
high mutant/wild-type ratio is associated with worse prognosis.

KIT-Mutated Leukemia

cKIT (CD117) is the cellular homolog of the feline sarcoma viral oncogene v-kit. It is a
class III receptor tyrosine kinase that is involved in stem cell homing to their microen-
vironment, and the gene is located at 4q11-q12.26,27 cKIT mutations are gain of func-
tion mutations, and they result from an ITD of exon 11 or insertion/deletion of exon 8 at
the tyrosine kinase domain. The presence of cKIT mutation, particularly in the setting
of core binding leukemia (t[8;21] and inv[16]), is associated with poor outcome. cKIT
mutations are detected by using allele-specific PCR and sequencing.

Wilms Tumor Gene–Mutated Leukemia

Wilms tumor gene (WT1) is a transcription factor that has tumor suppressor and, para-
doxically, oncogenic functions. The gene is located at 11p13 and most mutations are
present on exons 7 and 9.26,27 It is seen in approximately 10% to 14% of AMLs and its
expression is associated with poor prognosis. WT1 mutations are detected by using
allele-specific PCR followed by amplicon sequencing and computer analysis for the
presence of mutation.

Leukemia Associated with Isocitrate Dehydrogenase 1 and 2 or Brain and Acute
Leukemia, Cytoplasmic

Some proteins have been reported to be overexpressed in AML, particularly in AML
with normal karyotype, and theymay act as adverse prognostic factors.26,27 Mutations
involving isocitrate dehydrogenase 1 (IDH1, IDH1R132) and 2 (IDH2, IDH2R172) and the
brain and acute leukemia, cytoplasmic genes are among this group. Basically, they are
detected by PCR amplification and mutational analysis by sequencing and compari-
son with the published unmutated sequence.
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Acute Lymphoblastic Leukemia with t(9;22) (q34;q11)/BCR-ABL

The t(9;22) is seen in 25% and 5% of adult B-ALLs and pediatric B-ALLs, respectively.
All cases of conventional chronic myelogenous leukemia (CML) have t(9;22). The
translocation involves the fusion of Abelson murine leukemia viral oncogene homolog
1 (ABL) gene at 9q34 with breakpoint cluster region (BCR) gene at 22q11. Philadelphia
(Ph) chromosome is the derivative chromosome 22 and is associated with poor
outcome in B-ALL. In CML and ALL, the cluster region in ABL gene is somewhat con-
stant but variable for BCR gene. Depending on the site of BCR within chromosome 22
(major-BCR [M-BCR], minor-BCR [m-BCR], and micro-BCR [mu-BCR]), three fusion
transcripts with high tyrosine activities are produced. Breakpoints in the cluster re-
gions M-BCR, m-BCR, and mu-BCR translate into producing p210, p190, and p230
proteins, respectively. M-BCR is the most common breakpoint in CML (95%) and
almost all cases of B-ALL have a breakpoint in the m-BCR region. The t(9;22) can
be detected by several methods including CC, Southern blotting, FISH, and RT-
PCR. The RT-PCR method is the most commonly used test when looking for minimal
residual disease.

BCR-ABL1–Like B Lymphoblastic Leukemia

This new entity is added to the 2016 update of the WHO classification to describe a
group of B-ALL with translocations involving tyrosine kinases or cytokine receptors.
This entity is characterized by having poor prognosis, potential response to TKI treat-
ment and gene expression profiles similar to those seen in cases of BCR-ABL1 pos-
itive lymphoblastic leukemia. More than 30 genes are identified, including ABL1,
EBF1, ABL2, PDGFRB, NTRK3, TYK2, CSF1R, CRLF2, EPOR, TSLPR, and JAK2.
Next-generation sequencing is the gold standard method to detect this group of leu-
kemia; however, specific testing for some of the involved genes by FISH is done in
same laboratory.28,29

Acute Lymphoblastic Leukemia with t(12;21) (p13;q22)/TEL/RUNX1

This translocation is found in approximately 20% to 30% and 3% of pediatric and
adult B-ALLs, respectively, and most of the time in cryptic form. B-ALL with t(12;21)
demonstrates favorable prognosis but this observation is hindered by late relapse.
The translocation involves fusion of intron 5 of TEL gene at 12p13 locus with intron
1 of RUNX1 gene at 21q22. The mechanism by which this fusion protein works is
not completely revealed; however, it seems to interfere with RUNX1-dependent
gene regulation. Because of the cryptic nature of this translocation CC analysis is
not the preferred test. Both FISH and RT-PCR are used to detect t(12;21).

Acute Lymphoblastic Leukemia with t(1;19) (q23;p13)/TCF3-PBX1

This translocation is seen in approximately 5% of pediatric B-ALLs and is associated
with poor prognosis. It results from the fusion of T-cell factor 3 (TCF3) gene at 19p13
and the pre–B-cell leukemia transcription factor 1 (PBX1) at 1q23. The chimeric protein
causes impairment of B-cell maturation and proliferation. In approximately 25% of
cases, the translocation is cryptic, thus precluding its detection by CCs. FISH and
RT-PCR can be also used to detect t(1;19).

Acute Lymphoblastic Leukemia with t(4;11) (q11;q23)/AF4-MLL

This translocation is seen in approximately 10% of adult and pediatric B-ALLs and in
approximately 80% of infantile B-ALLs. B-ALL associated with this translocation has
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poor prognosis in all age groups. It results from the fusion of MLL gene at 11q23 with
AF4 gene at 4q11. FISH and RT-PCR can be used to detect this translocation.

Chronic Myelogenous Leukemia with t(9;22) (q34;q11)/BCR-ABL1

The discovery of Ph chromosome in 1960 provided the first evidence of a genetic asso-
ciation to cancer. The translocation involves the fusion of ABL gene at 9q34 with the
BCR gene at 22q11.30,31 Ph chromosome is the shortened chromosome number 22
because of this translocation. Ph chromosome harbors the gene that encodes for the
chimeric protein BCR-ABL1 that exhibits high kinase activity and results in phosphory-
lation and recruitment of several cellular substrates. BCR-ABL1 fusion protein induces
myeloid proliferation through many pathways, including P13K/AKT, JAK/STAT, RAS/
RAF, and JUN.31 Studies show that the reciprocal ABL/BCR on chromosome 9 encodes
p96 and p40 fusion proteins. Their leukemogenic potential is under investigation.
Almost all cases of typical CML are positive for t(9;22). The CML cases of negative

Ph chromosome by cytogenetic and molecular studies are in the category of myelo-
dysplastic/myeloproliferative neoplasm (MDS/MPN) in the 2016 update of the WHO
classification. Further description of the BCR-ABL1 fusion protein is described previ-
ously. Imatinib mesylate (Gleevec, NOVARTIS, Switzerland) has an inhibitory effect on
the continuously activated ABL1 domain of the BCR-ABL1 chimeric protein. In addi-
tion to imatinib, the new-generation drugs dasatinib and nilotinib have improved the
outcome of CML. New BCR-ABL1 mutations, however, have been implicated in
some resistant cases of CML. Approximately 85% of all resistance-associated muta-
tions are caused by a single amino acid substitution, including T315I, F359V, Y253F/H,
M244V, G250E, E255K/V, and M351T. The new-generation drugs can be used in
cases with resistance-associated mutations.
Conventional karyotype can detect the t(9;22), except the cryptic forms (approxi-

mately 5%), where FISH analysis can be used. The advantage of CC over FISH is
that it also can reveal additional chromosomal abnormalities that are harbingers of
accelerated phase or blast crisis. Most laboratories are using quantitative RT-PCR
tomeasure BCR-ABL1 p210, P230, and p190 transcripts. The quantitative RT-PCR re-
sults are normalized to the international standard (IS) and presented in IS% ratio units.
For example, a sensitivity of 0.001 IS % ratio indicates the detection of 1 translocation
positive cell per 100,000 cells.32

MUTATIONS ASSOCIATED MYELOPROLIFERATIVE NEOPLASMS

Myeloproliferative neoplasms (MPNs) are a heterogeneous group of clonal diseases
associated with excessive production of mature hematopoietic elements, including
BCR-ABL1–positive CML, polycythemia vera (PV), primary myelofibrosis (PMF) essen-
tial thrombocythemia (ET), chronic neutrophilic leukemia, chronic eosinophilic leuke-
mia (CEN) NOS, and MPN, NOS. Mutations involving Janus kinase 2 (JAK2V617F),
myeloproliferative leukemia (MPL) protein, and JAK2 exon 12 cause constitutive acti-
vation of cytokine-regulated intracellular signaling pathways, which are considered
the major driving mechanism of BCR-ABL1–negative MPN. The 2016 update of the
WHO incorporates JAK2 mutations (V617F and exon 12) in the diagnostic criteria
for the diagnosis of PV, PMF, and ET. In JAK2 mutation–negative cases of MPN,
the finding of MPL mutation addresses the WHO criteria.
The JAK2 mutations are the most common mutations in MPN, where they are iden-

tified in most patients with PV (95%), in approximately half of the patients with PMF or
ET, and rarely with other MPNs, myelodysplastic syndrome (MDS), and MPN/MDS.
JAK2 is a downstream tyrosine kinase involved in the phosphorylation and activation
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of different cellular proteins, which mediate different cellular functions, including cell
growth and differentiation. The gene encoding JAK2 is located at 9p24 locus. The first
identified JAK2mutation involves a change of valine to phenylalanine at the 617 position
in exon 14 (JAK2V617F). Other mutations have been found to occur in the 30 terminus of
exon 12 of JAK2 gene (JAK2 exon 12 mutation) in patients with JAK2V617F-negative
MPN (1%–5%). JAK2 mutations are gain-of-function mutations causing constitutive
activa-tion of tyrosine kinase and subsequent activation of cytokine-regulated intracel-
lular signaling pathways. MPL is another protein that was found to play a role in the
pathogenesis of MPN with negative JAK2 mutations. MPL mutations are caused by a
substitution of leucine, lysine, or alanine for tryptophan at codon 515 (W515L,
W515K, and S505N), and these mutations have been reported in approximately 5%
and 1% of PMF and ET cases, respectively. The presence of MPL mutations is associ-
ated with severe anemia and thrombocytosis. JAK2 and MPL mutations are detected
by using allele-specific PCR amplification followed by amplicon sequencing for muta-
tion detection. The tests are resulted as positive or negative. The sensitivity of the
test is limited by the presence of mutant allele (1%–10%) in the background of wild-
type allele. In JAK2V617F-positive cases evaluating melting curve differentiates wild-
type (GG) from homozygous (GT) and heterozygous (TT) mutants.
In addition to JAK2 (exon12 and exon14) mutations, the 2016 update of the WHO

also incorporated two additional mutations in the BCR-ABL1 negative MPN cate-
gories. These mutations are CALR (calreticulin, exon 9) and MPL, (exon10)mutations
and they appear in different frequencies in BCR-ABL1 negative MPN. The occurrence
of JAK2, CALR, and MPL mutations is found mutually exclusive in ET and PMF.
Approximately 90% of PV cases show JAK2 (5% for exon 12) and be negative for
MPL and CALR. The rest of PV cases (5%–10%) are triple negative for JAK2, CALR
and MPL gene mutations. Approximately 10% to 25% of ET and PMF cases show
MPL and CALR mutations, respectively. The significance of these mutations in the
clinical course of ET and PMF is still under investigation. Some studies suggest that
CALR mutation may be associated lower white blood cell count in peripheral blood
but more disease progression to acute leukemia.
The 2016 update of theWHO classification did not change the category that is initially

incorporated in the 2008 WHO edition, including myeloid and lymphoid neoplasms
associated with eosinophilia and abnormalities of platelet-derived growth factor
(PDGF) receptor alpha (PDGFRA) at 4q12 locus, PDGF receptor beta (PDGFRB) at
5q33 locus, or epidermal growth factor receptor 1 at 8p11.2 locus. These genes encode
cell surface tyrosine kinase receptors that regulate embryonic development and cell
proliferation and differentiation. Cases associated with rearrangement of PDGFRA
and FGFR1 tend to have a lymphoid component and may present initially as T or
B-lymphoblastic leukemia/lymphoma with eosinophilia, whereas cases associated
with PDGFRB tend to present as chronic myelomonocytic leukemia with eosinophilia
or as CEL. Myeloid neoplasms associated with PDGFRA or PDGFRB rearrangements
are sensitive to imatinib (Gleevec) therapy. Rearrangement of PDGFRB and FGFR1
can be detected by CC and by FISH and PCR amplification and sequencing. Because
of the cryptic nature of PDGFRA rearrangement, however, molecular testing through
PCR amplification and sequencing PCR is usually necessary.

CYTOGENETIC ABNORMALITIES ASSOCIATED WITH MYELODYSPLASTIC SYNDROME

MDS is a group of diseases associated with ineffective hematopoiesis, dysplastic
changes in bone marrow elements, and peripheral cytopenia. The 2016 update of
the WHO classification of MDS includes MDS with single-lineage dysplasia
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(MDS-SLD); MDS with multilineage dysplasia (MDS-MLD); MDS with ring sideroblasts
(MDS-RS); MDS with excess blasts (MDS-EB); myelodysplastic syndrome with iso-
lated del(5q); MDS-unclassifiable; and MDS of childhood (refractory cytopenia of
childhood). The MDS-RS category is further subtyped into MDS-RS-SLD and MDS-
RS-MLD. Most cytogenetic abnormalities are either numerical (loss/gain) or, less
commonly, unbalanced/balanced chromosomal abnormalities. They are seen in
approximately 80% of secondary MDS cases after chemotherapy or radiotherapy
and in approximately 50% of de novo cases. The most common abnormalities
observed in MDS include monosomy 5 (5�) or deletions in the long arm of chromo-
some 7 (7q�), 7� or 7q�, 13� or 13q�, trisomy 8 (81), and 20q�.33 The balanced
translocation that may be seen include t(11;16) (q23;p13.3), t(3;21) (q26.2;q22.1),
t(1;3) (p36.3;q21.1), t(2;11) (p21;q23), inv(3) (q21q26.2), and t(6;9) (p23;q34). Approxi-
mately 33% and 40% of MDS cases show a single abnormality or are part of a mono-
somal karyotype, respectively. Complex karyotypes are seen in approximately 11% of
MDS cases. Conventional karyotypes detect most of the chromosomal abnormalities
associated with MDS. FISH analysis and spectral karyotyping also can be used; how-
ever, they do not show increased sensitivity over CC.

THE IMPORTANCE OF CHROMOSOMAL ABERRATIONS IN HEMATOPOIETIC
MALIGNANCIES

It is not surprising that an accurate diagnosis is important in the management of he-
matopoietic neoplasms. Given the ever-expanding list of diagnostic disorders, an
increasing understanding of the molecular biology of cancer, the proliferation of sen-
sitive testing methods, and novel targeted therapies designed to capitalize on these
findings, it is also clear this process has never been more difficult or critical for appro-
priate patient care. When coupled with the appropriate clinical scenario, molecular
markers have proved beneficial and often vital to the diagnosis, prognosis, and ther-
apy for hematologic malignancies.
A prime example of this is detailed in the story of CML. The identification of the

t(9;22) translocation resulting in the fusion of BCR and ABL results in constitutively
active fusion tyrosine kinase. The identification of this abnormality by cytogenetics,
FISH, or PCR is necessary for the diagnosis of CML. The phenotypic and clinical con-
ditions that mimic CML, such as other myeloproliferative syndromes, leukemoid reac-
tions, and chronic myelomonocytic leukemia, fail to possess this crucial translocation.
This critical discrepancy allows physicians to more accurately diagnose CML in the
molecular era. More importantly, scientists have developed several tyrosine kinase in-
hibitors to inhibit the hyperactive fusion protein coded by the (9;22) translocation.
These tyrosine kinase inhibitors have transformed a universally fatal illness to one
with an excellent prognosis.
Other such examples of molecularly targeted therapies are noted in other hemato-

logic disorders. For instance, the use of ATRA in APL has capitalized on the improved
understanding of disease pathophysiology. In APL a translocation of the retinoic acid
receptor on chromosome 17 occurs (most commonly with the PML gene on chromo-
some 15) and the resultant fusion protein inhibits myeloid differentiation. The use of
ATRA overcomes this phenomenon and has been used extensively in the treatment
of APL.
Other chromosomal abnormalities in AML engender a favorable, intermediate, or

unfavorable prognosis and are used in combination with other factors to help deter-
mine when allogeneic transplants are considered. In this way the prognostic implica-
tions of molecular testing may also result in alteration of management.
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Molecular findings also provide potential insights into the underlying pathophysi-
ology of malignancy and help clinicians understand why in some instances treatment
is unsuccessful. For instance, the inv(16) chromosomal abnormality in AML is gener-
ally associated with a good prognosis with conventional chemotherapy. Studies sug-
gest high rates of complete remission and 10-year survival rates of more than 50% in
this population with conventional therapy. Several patients with this cytogenetic ab-
normality fail to remain in remission, however, and studies have suggested that at least
a proportion of these failures may be related to mutations in c-kit. In 1 study, approx-
imately 30% of inv(16) patients harbored a c-kit mutation and had higher incidences of
relapse and a lower overall survival rate compared with their wild-type c-kit counter-
parts. Consequently, because of interactions between individual molecular abnormal-
ities, favorable prognosis leukemia may be altered negatively. Similarly in lymphoma,
overexpression of C-MYC and BCL-2 translocations, so called double-hit lymphomas,
have been shown to confer a poorer prognosis to conventional therapy. Neither
C-MYC overexpression, however, nor presences of the BCL-2 translocation have
been shown to result in poorer outcomes, which raises the possibility of important in-
teractions between individual abnormalities.
Lastly, the ability to identify these signatures of malignancy allows for sensitive

monitoring of response or relapse. The (9;22) translocation in CML is assessed by
PCR to determine the depth of response. This translocation is also commonly seen
in ALL and is a sensitive predictor of relapse on completion of therapy.

SUMMARY

The progress made by advances in molecular medicine has had far-reaching effects in
all aspects of clinical treatment of hematologic malignancies. These findings, and
numerous others, have provided a doorway into understanding the molecular drivers
of disease but have also yielded excellent targets for therapy, thereby saving
numerous lives.
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INTRODUCTION

The pathogenesis of colorectal carcinoma is heterogeneous and involves complex
multistep molecular pathways initiated by genetic and epigenetic events. The molec-
ular classification of colorectal carcinoma provides the basis for evaluation of prog-
nostic, predictive, and theranostic markers. The goal is precise, efficient, and
accurate application of molecular tests for patient management.1–3
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KEY POINTS

� The molecular pathogenesis and classification of colorectal carcinoma are based on the
traditional adenoma–carcinoma sequence in the Vogelstein model, serrated polyp
pathway, and MSI.

� The genetic basis for hereditary nonpolyposis colorectal cancer is based on detection of
mutations in the MLH1, MSH2, MSH6, PMS2, and EPCAM genes.

� Genetic testing for the Lynch syndrome includes MSI testing, methylator phenotype
testing, BRAF mutation testing, and molecular testing for germline mutations in mismatch
repair genes.

� Molecular makers with predictive and prognostic implications include quantitative multi-
gene reverse transcriptase polymerase chain reaction assay and KRAS and BRAF muta-
tion analysis.

� Mismatch repair-deficient tumors have higher rates of programmed death-ligand 1
expression.
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EPIDEMIOLOGY

Constitutional (endogenous) as well as environmental (exogenous) factors are associ-
ated with the development of colorectal carcinoma. Multiple risk factors have been
linked to colorectal carcinoma. Colorectal carcinoma is more common in late-
middle-aged and elderly individuals. Men are at a higher risk for developing this ma-
lignancy. There is a strong association with a Western type of diet consisting of
high-calorie food, rich in animal fat.4

Clinical Features

Clinical presentation includes change in bowel habit, constipation, abdominal disten-
sion, hematochezia, tenesmus, weight loss, malaise, fever, and anemia. Regarding
screening, the American Gastroenterological Association, American Medical Associa-
tion, and American Cancer Society recommend endoscopy with biopsy as the stan-
dard screening approach. Radiologic evaluation by computed tomography scan
and MRI are used to assess locoregional spread and distant metastases.4–9

PATHOPHYSIOLOGY AND MOLECULAR GENETICS

The various molecular alterations described in colorectal carcinoma are enlisted in
Box 1.10 The diagrams depict the adenoma–carcinoma sequence and serrated polyp
pathway arising from a complex interplay of genetic alterations (Figs. 1–4).1

TRADITIONAL VOGELSTEIN MODEL AND APC GENE PATHWAY

The traditional model of Vogelstein describes the classic adenoma–carcinoma
sequence and accounts for approximately 80% of sporadic colon tumors. The path-
ogenesis involves mutation of the APC gene early in the neoplastic process.2

APC Gene

A tumor suppressor gene located on the long (q) arm of chromosome 5 between po-
sitions 21 and 22 plays a key role in regulating cell division cycle and regulates the
WNT/b-catenin signaling pathway. With loss of APC function, b-catenin accumulates
and activates the transcription of MYC and cyclin D1 genes, resulting in enhanced pro-
liferation of cells. More than 700 mutations in the APC gene have been identified in fa-
milial adenomatous polyposis (FAP), both classic and attenuated types. In this regard,

Box 1

Common genetic and epigenetic alterations in colorectal cancer

Tumor Suppressor Genes Proto-Oncogenes Other Molecular Alterations

� APC
� ARID1A
� CTNNB1
� DCC
� FAM123B
� FBXW7
� PTEN
� RET
� SMAD4
� TGFBR2
� TP53

� BRAF
� ERBB2
� GNAS
� IGF2
� KRAS
� MYC
� NRAS
� PIK3CA
� RSPO2/RSPO3
� SOX9
� TCF7L2

� Chromosome instability
� CpG island methylator phenotype
� Microsatellite instability
� Mismatch-repair genes
� SEPT9
� VIM, NDRG4, BMP3
� POLE/POLD1
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FAP is a syndrome with an inherited truncating APC mutation, leading to the produc-
tion of an abnormally short, nonfunctional version of the protein that cannot suppress
the cellular overgrowth and leads to the formation of polyps and subsequent progres-
sion to carcinoma. Both copies of the APC gene must be functionally inactivated,
either by mutation or by the epigenetic events for development of adenomas; the sec-
ond allele in adenomas harbors a loss or similar mutation, whereas homozygous de-
letions of APC are rare or absent. In sporadic colorectal tumors, the mutation may be
in a mutation cluster region in the APC gene with allelic loss, or mutations may be
outside this region with a tendency to harbor truncating mutations (Fig. 5).2,3,11

Fig. 1. Adenoma-carcinoma sequence. COX-2, cyclooxygenase-2; LOH, loss of heterozygosi-
ty. (Modified from Turner JR. The gastrointestinal tract. In: Kumar V, Abbas AK, Fausto N,
et al, editors. Robbins and Cotran pathologic basis of disease. 8th edition. Philadelphia:
Elsevier; 2010. p. 823; with permission.)

Fig. 2. Subtypes of carcinoma arising through the adenoma-carcinoma sequence. CIMP, CpG
island methylator phenotype; LOH, loss of heterozygosity; MSI, microsatellite instability;
MSS, microsatellite stable.
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Neoplastic progression is associated with additional mutations and chromosomal
instability, with involvement of the following.

� KRAS, an oncogene that enhances growth and prevents apoptosis;
� SMAD2 and SMAD4 (DPC4), tumor suppressor genes that are effectors of trans-
forming growth factor-b signaling and allows unrestrained cell growth;

� DCC, a tumor suppressor gene located at 18q2.3;
� p53, which are tumor suppressor genes and are mutated in 70% to 80% of colon
cancers; and

� Telomerase, which increases as lesions become more advanced.

Fig. 3. Serrated polyp pathway. IGF, insulin-like growth factor; LOH, loss of heterozygosity;
TGF, transforming growth factor. (Modified from Turner JR. The gastrointestinal tract. In:
Kumar V, Abbas AK, Fausto N, et al, editors. Robbins and Cotran pathologic basis of disease.
8th edition. Philadelphia: Elsevier; 2010. p. 824; with permission.)

Fig. 4. Subtypes of carcinoma arising through serrated polyp pathway. CIMP, CpG island
methylator phenotype; LOH, loss of heterozygosity; MSI, microsatellite instability; MSS, mi-
crosatellite stable.
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Other causes of chromosomal instability may be heterogeneous and include muta-
tions in genes encoding mitosis checkpoint proteins such as BUB1 and BUB1B,
abnormal centrosome number, amplification of aurora kinase A (AURKA, STK
15/BTAK), mutations of FBXW7, CHFR.1,2,11 Alternatively, tumor suppressor genes
may also be silenced by methylation of a CpG-rich zone or CpG island (Fig. 6).8

GNAS mutations have been reported in villous adenomas.12

Fig. 5. APC gene mutations.

Fig. 6. Molecular genetic profiles of colorectal carcinoma. CIMP, CpG island methylator
phenotype; CRC, colorectal cancer; HPNCC, hereditary nonpolyposis colorectal cancer;
LOH, loss of heterozygosity; MSI, microsatellite instability; MSI-H, high-frequency microsat-
ellite instability; MSS, microsatellite stable. (Modified from O’Brien MJ, Yang S, Huang CS,
et al. The serrated polyp pathway to colorectal carcinoma. Mini-symposium: pathology of
the large bowel. Diagn Histopathol 2008;14(2):90; with permission.)
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Serrated polyp pathway
The serrated polyp pathway comprises a group of colorectal neoplasms with distinct
morphologic and molecular characteristics. There are 20% to 30% of colorectal car-
cinomas that are thought to develop from serrated precursors.13 Aberrant crypt focus
and hyperplastic polyps comprise the earliest lesions. The other serrated polypoid
lesions include sessile serrated adenoma/polyp (SSA/P), and traditional serrated ad-
enoma (TSA).14 BRAF mutation has been described as an early event seen in micro-
vesicular hyperplastic polyp, which might progress to serrated adenoma/polyp
(Fig. 7). SSA/P and hyperplastic polyps have different cancer risks, different recom-
mended surveillances, and overlapping histologic features.13,15 Hes1 is a downstream
target of Notch signaling pathway and is found to be ubiquitously expressed in the
nuclei of normal colonic epithelial cells. The complete loss or weak expression of
Hes1 is observed in majority of SSA/P compared with normal expression of Hes1 in
hyperplastic polyps. The dysplastic areas in sessile serrated adenomas, however,
reveal the cytoplasmic staining of Hes1. Tubular adenoma and TSA show variable
mixed positive and negative staining patterns.16

TSA are a heterogenous group of polyps with mutually exclusive KRAS and BRAF
mutations. Molecular analysis of TSAs shows highly variable frequencies of KRAS,
BRAF, and GNAS mutations in 10% to 46%, 29% to 90%, and 8% of tumors,
respectively. Unlike SSA/P, TSA rarely reveal diffuse expression of ANXA10.
BRAF-mutated TSA reveal more widespread methylation of a 5 marker CpG island
panel compared with KRAS-mutated polyps.12 In general, TSA may be CpG island
methylator phenotype (CIMP) high, CIMP low, or CIMP negative. The CIMP-high tu-
mors exclusively reveal methylation of RUNX3 and SOCS1, and are associated with
BRAF mutations. The CIMP-low tumors are associated with KRAS mutations. They
reveal restricted methylation pattern confined to NEUROG1. A strong association
between KRAS mutations and high-grade dysplasia has been reported in a patient
cohort from Korea.17 Contiguous serrated lesions resembling SSA/P or hyperplastic
polyps, when present, share the same mutations as the TSA. Tumors arising from
TSA are predominantly left sided. Wnt/CTNNB1 alterations, and KRAS and p53 mu-
tations are common genetic events in the traditional adenoma pathway of colorectal
carcinoma. The characteristic genetic alteration PTPRK-RSPO3 fusion is also re-
ported in a study. The TSA with the aforementioned fusion reveal distal localization,

Fig. 7. BRAF serrated polyp pathway. CIMP, CpG island methylator phenotype; MSI, micro-
satellite instability. (Modified from O’Brien MJ, Yang S, Huang CS, et al. The serrated polyp
pathway to colorectal carcinoma. Mini-symposium: pathology of the large bowel. Diagn His-
topathol 2008;14(2):79; with permission.)
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larger size, prominent ectopic crypt foci, association with high-grade component,
progression to carcinoma, and the presence of KRAS mutations. Slitlike serrations
are less prominent and associations with hyperplastic polyps and SSA/P are rare.
RSPO overexpression is mutually exclusive with Wnt pathway gene mutation, but
is involved in its activation18 ANXA10 protein is highly expressed in the majority of
SSA/P, but not in the TSA or contiguous precursor polyps associated with
them.19 The progress of nondysplastic serrated polyps to more advanced neo-
plasms is associated with increasing levels of CpG island methylation, leading to
inactivation of tumor suppressor genes.

Carcinomas arising in the serrated pathway The carcinomas of this pathway
frequently show MSI as a result of epigenetic silencing of hMLH 1.14 Some studies
have shown that transition to high-grade dysplasia and carcinoma is facilitated by
methylation-induced silencing of p16 and escape from activation-induced senes-
cence (Fig. 8).20 The other major pathway of pathogenesis of serrated carcinomas
arises after KRAS mutations. The carcinomas are microsatellite stable (MSS) and
CIMP low, but show chromosomal instability and loss of heterozygosity of tumor sup-
pressor genes. It is one of the earliest genetic mutations in colon carcinogenesis,
detected in approximately 40% of the tumors. Along with BRAF mutations, it has
been found in the earliest detectable lesions with a serrated morphology. They have
been reported in 18% of aberrant crypt foci, 4% to 37% of hyperplastic polyps,
60% of admixed polyps, 80% of TSAs, and up to 10% of sessile serrated adenomas.
KRAS mutation has been observed to be associated with a right-sided tumor location.
The mutation has significant association with usual tumor histology (vs mucinous, sig-
net ring, medullary), extramural tumor extension, peritumoral lymphocytic host
response, presence of distant metastases, and absence of lymphovascular invasion
at the time of diagnosis.21–28 SSA/P with dysplasia are frequently associated with
loss of MLH1 expression, which is critical to progression. The patterns of dysplasia
have been classified in a recent study as minimal deviation, serrated, adenomatous,
and not otherwise specified. The loss of immunostaining may help in supporting

Fig. 8. KRAS serrated polyp pathway. CIMP, CpG island methylator phenotype; LOH, loss of
heterozygosity. (Modified from O’Brien MJ, Yang S, Huang CS, et al. The serrated polyp
pathway to colorectal carcinoma. Mini-symposium: pathology of the large bowel. Diagn His-
topathol 2008;14(2):79; with permission.)
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minimal deviation pattern of dysplasia, resolving the equivocal nature of atypical le-
sions, and differentiating sporadic adenomas from fragments of dysplasia associated
with SSA/P. Tumors arising from SSA/P are predominantly right sided, microsatellite
unstable, BRAF mutated, and hypermethylated at CpG islands (CIMP high).19 They
commonly present as interval colorectal carcinomas, because of missed precursor le-
sions, incomplete resection and rapid progression.28

Serrated polyposis Serrated polyposis is a clinically defined syndrome character-
ized by occurrence of multiple serrated polyps in the large intestine. A significant
number of patients may have synchronous or metachronous tumors. Small numbers
of conventional adenomas may also be present. Individuals with serrated polyps and
their relatives are at increased risk of colorectal carcinoma. Mutations in BRAF along
with CpG island mutator phenotype is the molecular marker for serrated neoplasia,
with serrated polyps being precursor lesions.29 The reported incidences of colorectal
cancer (CRC) in serrated polyposis patients vary from 14% to 54%. They have
diverse molecular alterations encompassing features of at least of the serrated
neoplasia pathway and traditional adenoma pathway. The concomitant presence
of conventional adenomas also increases the risk of development of carcinoma.
However, the carcinomas contiguous to conventional adenoma are not associated
with BRAF mutation.29 Colorectal carcinoma with adjacent TSA or sessile serrated
adenoma demonstrate more frequent mucinous differentiation, BRAF mutation,
and mismatch repair (MMR) deficiency. Serrated colorectal carcinomas in distal co-
lon are usually BRAF/KRAS wild type and MMR proficient. Activation of b-catenin
was found in CRC with or without BRAF mutation. A large proportion of CRC from
patients with serrated polyps do not develop CRC through the serrated neoplasia
pathway and show various molecular phenotypes, including the traditional adenoma
pathway. A few tumors show KRAS mutation along with low levels of CIMP, MSI,
downregulation of MGMT by methylation, and frequent KRAS mutation. Atypical
conventional adenomas in individuals who have at least 1 sessile serrated adenoma
share some morphologic characteristics with serrated polyps and are all BRAF/KRAS
wild type. This polyp may possibly be a precursor lesion of a large number of CRCs.
Up to 95% of sessile serrated adenomas harbor a BRAF mutation and are the likely
precursor lesions of CRC. Tumors with residual contiguous serrated polyps harbor
V600E mutation. CRC in patients with serrated polyps may develop from nonserrated
polyps through a derivative of the traditional adenoma pathway. Serrated polyps may
be considered a disorder associated with hypermature mucosa secondary to alter-
ation in DNA methylation with a propensity to develop early onset multiple serrated
polyps. These patients are at increased risk of developing metachronous carcinoma
when compared with the general population. In patients with a high-risk CRC
syndrome, when patients with serrated polyps present with CRC more extensive
colonic resection should be considered for both subsequent risk of metachronous
cancer and future control of polyps. A high proportion of interval CRCs, diagnosed
within 5 years of a complete colonoscopy, are serrated neoplasia pathway CRC. It
is attributed to lower polyp detection rate for right-sided polyps or rapid progression
of serrated lesions to dysplasia and carcinoma even for polyps less than
1 cm.13,19,29–31

Sporadic high-frequency microsatellite instability colorectal carcinoma MSI is prev-
alent in 10% to 15% of all sporadic colorectal carcinomas. Biallelic transcriptional
silencing of MLH1 gene secondary to promoter hypermethylation leads to loss of
normal MMR function in sporadic CRCs. The malignancy develops through the
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serrated pathway, with sessile serrated adenoma as the precursor lesion. The mo-
lecular abnormality includes methylation of multiple regions of C-G dinucleotide or
CpG islands within the promoter region of genes and subsequent downregulation
of these genes. It is known as CIMP and is associated with BRAF mutation in
40% to 50% cases.32 Genetic instability may operate at the chromosomal level
(chromosomal instability), affecting the whole chromosome or parts of chromo-
somes or at a more subtle level affecting DNA sequences resulting from replication
errors (high-frequency MSI). These forms of instability are mutually exclusive, so that
CRCs with chromosomal instability are MSS (Table 1).33–37 Appropriate caution
must be exercised when correlating single molecular events with patient outcomes.
The molecule examined might be associated with global genomic or epigenetic ab-
errations, and improved or adverse outcomes might be associated with alterations
in other molecules. A positive correlation has been reported between BRAF mutated
colorectal carcinoma, female sex, proximal tumor location, mucinous or serrated
adenocarcinoma histologic type, and the presence of tumor infiltrating lymphocytes
(Tables 2 and 3).29 Metaanalyses of MSI status and survival of patients with colo-
rectal carcinoma showed that high-frequency MSI tumors were associated with a
better prognosis compared with MSS tumors. High-frequency MSI tumors show
no benefit from adjuvant 5-fluorouracil. Patients with CIMP-positive tumors experi-
ence a significant survival benefit from chemotherapy in contrast with those with
CIMP-negative tumors. CIMP in non–high-frequency MSI tumors predicts worse
survival.20

Hereditary nonpolyposis colon cancer/the Lynch syndrome The Lynch syndrome is
a hereditary autosomal-dominant syndrome with high penetrance. Its associated tu-
mors show MSI owing to mutations in MMR proteins. The 4 DNA MMR genes are
involved in the repair of mismatches resulting from misincorporation, or slippage
events, during replication. Hereditary defects in 1 of the 4 MMR genes accounts for
80% to 90% of cases of hereditary nonpolyposis colon cancer (HNPCC).38–41 Clini-
cally, the Lynch syndrome is defined by applying either the Amsterdam I or Amster-
dam II criteria and represents about 2% to 3% of all CRCs. An additional 2% to 3%
of patients with CRC harbor similar MMR gene defects, but do not fulfill the criteria.
Contrarily, some patients with attenuated FAP-associated and MUTYH- associated
polyposis might fulfill Amsterdam criteria for having HNPCC. Revised Bethesda
criteria show a higher sensitivity in the detection of new patients with the Lynch syn-
drome.42–46 The subset of HNPCC cases caused by MMR gene defects is referred to
as hereditary MMR-deficiency syndrome. The MMR-deficient cancers arise after loss
of DNAMMR in tumor cells, leading to an increase in the rate of frameshift mutations in
microsatellites. The frequency of mutations in short repetitive sequences located in
coding regions of genes, such as transforming growth factor-BR2, is also increased.
Germline mutations in 4 MMR proteins (MLH1, MSH2, MSH6, and PMS2) account for
majority of the cases. Of the cases reported, 80% are attributed to mutations in MLH1
and MSH2.19 Most of the genetic defects are a result of point mutations, insertions,
and deletions.47 Deletion in the EPCAM gene may cause epigenetic inactivation of
MSH2. There are 20% to 25% of the cases that are suspected of having a mutation
in MSH2, but without germline mutations, may be accounted for by germline deletions
in EPCAM/TACSTD1. They account for about 1% of patients with the Lynch
syndrome.
EPCAM is a calcium-independent cell adhesion membrane protein and is not

involved in the physiologic functions of MMR. The EPCAM gene is located on the short
(p) arm of chromosome 2 at position 21. Large germline deletions and rearrangement
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Table 1
Molecular pathologic classification of colorectal cancer

Group Number CIMP Status MLH1 Status MSI Status Chromosomal Status Precursor Proportion (%)

1 CIMP high Full methylation MSI-H Stable (diploid) Serrated polyp 12

2 CIMP high Partial methylation MSS/MSI-L Associated with
BRAF mutation

Stable (diploid) Serrated polyp 8

3 CIMP low No methylation MSS/MSI-L Associated with
KRAS mutation

Unstable (aneuploid) Adenoma/serrated polyp 20

4 CIMP negative No methylation MSS Associated with KRAS
mutation

Unstable (aneuploid) Adenoma 57

5 CIMP negative Germline MLH1
or other mutation

MSI-H Stable (diploid) Adenoma 3

Abbreviations: CIMP, CpG island methylator phenotype; MSI-L, low-frequency microsatellite instability; MSS, microsatellite stable.
Modified from Jass JR. Classification of colorectal cancer based on correlation of clinical, morphological and molecular features. Histopathology 2007;50:119,

with permission; and Adapted from Redston M. Epithelial neoplasms of the large intestine. In: Odze RD, Goldblum JR, editors. Surgical pathology of the GI tract,
liver, biliary tract and pancreas. 2nd edition. Philadelphia: Elsevier; 2009. p. 597–637, with permission.
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encompassing EPCAM-MSH2 have been characterized from the 30 end region of
EPCAM to the 50 initial sequences of the MSH (Tables 4 and 5).39–41,47 The tumors
do not, however, reveal expression of annexin 10.19 A few unclassified variants inclu-
sive of mutations and missense-type nucleotide substitutions have been reported in
literature and have unknown clinical significance. Many variants are associated with
defects in RNA splicing. The prevalence of variants has been reported to be up to
34% among the HNPCC cohorts.47 The Lynch syndrome type I is confined to patients
presenting only with CRC. The Lynch syndrome type II is associated with additional
extracolonic cancers. The DNA MMR system is closely associated with tumor
response to radiation. It has a critical role in the repair process of DNA structural dam-
age caused by radiation. The MSI attributes to altered radiosensitivity.48 Patients with
the Lynch syndrome/HNPCC harbor a similar number of adenomatous polyps to the

Table 2
Clinical presentation of microsatellite instability and BRAF mutation in colorectal carcinoma

BRAF v600E MMR/MSI CIMP Clinical Presentation %

� Unstable/high Low/negative Lynch syndrome/other 2–3

� Unstable/high High Sporadic 35–55

1 Unstable/high High Sporadic .

1 Stable/negative Low/negative Aggressive phenotype/serrated
carcinoma

Rare

Abbreviations: CIMP, CpG island methylator phenotype; MMR, mismatch repair; MSI, microsatellite
instability.

Table 3
Site-specific variation in molecular phenotypes of colorectal carcinoma

Predominant
Tumor Type

Other Common
Tumors

Cecum BRAF mutated
MMR deficient

BRAF/KRAS wild
type, MMR
deficient

Ascending
colon

BRAF mutated
MMR deficient

BRAF/KRAS wild
type, MMR
deficient

BRAF/KRAS wild
type, MMR
proficient

BRAF mutated
MMR proficient

Transverse
colon

BRAF mutated
MMR deficient

BRAF mutated
MMR proficient

BRAF/KRAS wild
type, MMR
deficient

KRAS mutated
MMR proficient

Descending
colon

BRAF/KRAS wild
type MMR
proficient

Sigmoid
colon

BRAF/KRAS wild
type MMR
proficient

BRAF mutated
MMR deficient

Rectum BRAF/KRAS wild
type MMR
proficient

KRAS mutated
MMR proficient

Abbreviation: MMR, mismatch repair.
Data from Rosty C, WalshMD,Walters RJ, et al. Multiplicity andmolecular heterogeneity of colo-

rectal carcinoma in individuals with serrated polyposis. Am J Surg Pathol 2013;37:434–42.
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general population. The polyps are indistinguishable from conventional adenomas.
Therefore, the detection of index cases is challenging and requires the use of specific
testing (Table 6).42–46

KRAS serrated pathway
KRAS-mutated TSA progresses to amixed tubulovillous adenomatous phenotype and
acquires high-grade dysplasia. The interface of high-grade dysplasia and infiltrating
carcinoma is associated with a p53 mutation.1,14 TSA associated with high-grade
dysplasia or malignancy is associated with high rates of MLH1 methylation. CIMP
high and CIMP low tumors are reported with variable frequency (Fig. 9). An unequiv-
ocal diagnosis of serrated carcinoma is made when 6 of the 7 histologic criteria listed
in Box 2 are fulfilled.

Limitations of molecular classification and correlates
� Lack of gold standard and uniform methods, definition, and criteria.
� False-positive and false-negative results.
� Sampling bias.
� Markers used for studies on MSI are not uniform.
� Nonuniform methods of detection of methylation markers.
� Lack of standardized definition of chromosomal instability.3

Table 4
Molecular testing for Lynch syndrome

Serial Number Tests

1 Evaluation of tumor tissue for MSI: immunohistochemistry for 4 MMR
proteins followed by MMR gene mutation testing by PCR

2 Molecular testing of the tumor for methylation abnormalities to rule out
sporadic cases

3 Molecular testing of the tumor for BRAFmutations to rule out sporadic cases

4 Molecular genetic testing of the MMR genes to identify germline mutations
when findings are consistent with Lynch syndrome

Abbreviations: MMR, mismatch repair; MSI, microsatellite instability; PCR, polymerase chain
reaction.

Data from Redston M. Epithelial neoplasms of the large intestine. In: Odze RD, Goldblum JR, ed-
itors. Surgical pathology of the GI tract, liver, biliary tract and pancreas. 2nd edition. Philadelphia:
Elsevier; 2009.

Table 5
Genetic basis of HNPCC

High-Frequency MSI (%) Gene Mutation (%)

Yes (80–90) MLH1 (39)
MSH2 (38)
MSH6 (11)
PMS2 (7)
EPCAM (1)
Unknown (5)

No (10) Yes (as above; 10)
Unknown (90)

Abbreviations: HNPCC, hereditary nonpolyposis colon cancer; MSI, microsatellite instability.
Data from Refs.4,9,15
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Table 6
Differences in molecular phenotype of sporadic colorectal carcinoma and the Lynch syndrome

Sporadic Lynch Syndrome

MMR MLH1 loss Loss of any MMR protein

MSI high 1 (approximately 75%) 1

MLH1 promoter
methylation

1 Majority negative; rare cases with
germline defects

Mutations in MMR � 1

BRAF � �
Annexin 10 IHC Focal � Majority negative Rare cases with germline

defects

Precursor lesions SSA/P Tubular and tubulovillous adenomas

Abbreviations: IHC, immunohistochemistry; MSI, microsatellite instability; SSA/P, sessile serrated
adenoma/polyp.

Fig. 9. Molecular pathogenesis of colorectal carcinoma (CRC). CIMP, CpG island methylator
phenotype; EGFR, epidermal growth factor receptor; FAP, familial adenomatous polyposis;
5-FU, 5-fluoricail; HGD, high-grade dysplasia; MMR, mismatch repair; MSI, microsatellite
instability; MSS, microsatellite stable; SSA, sessile serrated adenoma; SSAD, sessile serrated
adenoma with dysplasia; TGF, transforming growth factor; TSA, traditional serrated ade-
noma. (Adapted from Bettington M, Walker N, Clouston A, et al. The serrated pathway
to colorectal carcinoma: current concepts and challenges. Histopathology 2013;62:380;
with permission.)
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PATHOLOGIC FEATURES OF COLORECTAL CARCINOMA WITH HIGH-FREQUENCY
MICROSATELLITE INSTABILITY
Shared by Both Inherited and Sporadic Tumors

� Tendency to occur on right side of colon.
� Medullary carcinoma phenotype.
� Presence of mucinous or signet ring component.
� Presence of tumor infiltrating and peritumoral lymphocytes.
� Crohnlike inflammatory response.
� Pushing tumor borders (Fig. 10; see Tables 4 and 5).32

Clinical correlation of specific subtypes of colorectal carcinoma
Medullary carcinoma Tumors with “ medullary-type” are high-frequency MSI and
generally have better prognosis and lower rates of locoregional nodal involvement and

Box 2

Histomorphologic features of serrated carcinomas

Epithelial serrations

Eosinophilic or clear cytoplasm

Abundant cytoplasm

Vesicular nuclei with peripheral chromatin condensation and a single prominent nucleolus

Distinct nucleoli

Absence of necrosis (or <10% necrosis)

Intracellular and extracellular mucin

Cell balls and papillary rods

Adapted from Bettington M, Walker N, Clouston A, et al. The serrated pathway to colorectal
carcinoma: current concepts and challenges. Histopathology 2013;62:382; with permission.

Fig. 10. Effect of microsatellite instability (MSI) and BRAF mutation on survival in colorectal
carcinoma. mut, mutation; wt, wild type.
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distant metastasis. On comparison of medullary carcinoma with MSS and MSI tumors,
significant upregulation of several immunoregulatory genes induced by Interferon
gamma including are identified. The specific genes include IDO-1, WARS (tRNA(trp)),
GBP1, GBP4, GBP5, PD-1, and programmed death ligand 1 (PD-L1). The tumor reveals
higher mean CD81 and PD-L1 tumor infiltrating lymphocytes compared with other tu-
mors. The CD8 T lymphocytes are presumed to be activated upon presentation of neo-
antigens from the tumor cells. The lymphocytes promote a strong interferon response.49

Early onset colorectal carcinoma These tumors manifest in patients less than
40 years of age without underlying HNPCC, adenomatous polyposis, or inflammatory
bowel disease. The tumor shows pathologic features associated with aggressive
behavior. The adenomas and carcinomas reveal increased expression of AMACAR.
miR-21, miR-20a, miR-106a, miR-181b, and miR-203 are increased compared with
normal tissues. miR-21 was associated with poor clinical outcome.50

Adenoma-like adenocarcinoma Adenoma-like adenocarcinoma is an uncommon
variant of CRC with a low rate of metastasis and good prognosis. The predominant
mutation reported is KRAS in codons 12 or 13. Other mutations included PIK3CA
and BRAF V600E.51

Micropapillary colorectal carcinoma CRC with micropapillary features have a high
likelihood of locoregional and distant metastases. They show significant increase in
tp53 mutation and frequent mutations in KRAS and BRAF. Increased expression of
stem cell markers SOX2 and NOTCH3 has also been reported.52,53

Mucinous tumors Mucinous CRC, which are MMR deficient have similar outcomes
as low-grade nonmucinous tumors on survival analysis. Mucinous MMR-proficient
CRCs behave slightly better than nonmucinous high-grade tumors but worse than
mucinous low-grade nonmucinous tumors.54

Sporadic microsatellite unstable colorectal carcinoma The underlying pathogenesis
of sporadic microsatellite unstable colorectal carcinoma is attributed to MLH1 pro-
moter hypermethylation, subsequently leading to silencing of gene transcription. A
BRAF V600E mutation is highly specific for these tumors, but not sensitive. Focal
annexin A10 expression has been reported in both BRAF mutated and wild-type
subcategories.19

Braf-mutated microsatellite stable adenocarcinoma of the proximal colon Tumors
demonstrate adverse histologic features inclusive of lymphatic invasion, lymph node
metastasis, perineural invasion, perineural invasion, tumor budding, and mucinous
and signet ring histology. It is associated with significantly poor overall and disease-
free survivals.19

Undifferentiated/rhabdoid carcinomas of the gastrointestinal tract The switch su-
crose nonfermenting chromatin remodeling complex components have been reported
to reveal loss of expression in the undifferentiated tumors with variable rhabdoid fea-
tures, pleomorphic giant cells, and spindle cells. The most common components
showing loss include SMARCB1(INI1), SMARCA2, SMARCA4, and ARID1A. Concur-
rent loss of MMR proteins (MLH1/PMS2) has also been reported. Some tumors belong
to well-defined molecular subtypes and sustain additional loss of the remodeling com-
plex components.55

Synchronous and metachronous cancers Similar genetic changes have been re-
ported in sporadic contiguous tumors. In tumors separated by 1 or more segments,
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there was less consistency in genetic changes. Metachronous tumors did show vari-
ation, which was decreased when the subsequent tumor was located near the first
tumor.56

Molecular biomarkers for the evaluation of colorectal cancer Guideline statements
were established by the American Society for Clinical Pathology, the College of Amer-
ican Pathologists and Laboratory Quality Center, the Association for Molecular Pathol-
ogy, and the American Society of Clinical Oncology to create standard molecular
biomarker testing and guide therapies for patients with colorectal carcinoma. The
guidelines follow well-established methods used in their development as well as for
regular updates, so that new advances can be integrated in a timely manner in future.
The biomarker guideline expert panel strongly recommends that laboratories must
incorporate colorectal carcinomamolecular biomarker testing methods into their over-
all laboratory quality improvement program, establishing appropriate quality improve-
ment monitors as needed to ensure consistent performance in all steps of the testing
and reporting process. Laboratories performing the biomarker testing must participate
in proficiency testing programs or alternative proficiency assurance activity. Anti-
epidermal growth factor receptor (EGFR) monoclonal antibodies have been the
main targeted therapies for CRC and require knowledge of mutational status of genes
in the pathway as predictive biomarkers of response to therapies. The monoclonal an-
tibodies target the EGFR extracellular domain and block the pathway.55 Polymerase
chain reaction (PCR)–based techniques and Sanger sequencing are mostly used for
diagnosis; however, other sequencing techniques, including deep sequencing and
hybridization-induced bead aggregation technology, are under evaluation.57

KRAS Patients carrying activating mutations of KRAS affecting exon 2 codons 12
and 13 do not benefit from anti-EGFR therapy, such as cetuximab and panitumumab.
The expert panel on colorectal biomarker guideline recommends patients with colo-
rectal carcinoma being considered for anti-EGFR therapy must undergo RAS muta-
tional testing. Mutational analysis should include KRAS and NRAS codons 12 and
13 of exons 2, 59, and 61 of exon 3, and codons 117 and 146 of exon 4 (“expanded”
or “extended” RAS).57

BRAF The expert panel on colorectal biomarker guideline recommends patients
with colorectal carcinoma should receive BRAF p. V600 [BRAF c. 1799 (p. V600)]
mutational analysis for prognostic stratification. In addition, BRAF p. V600 mutational
analysis should be performed in deficient MMR tumors with loss of MLH1 to evaluate
for risk of the Lynch syndrome. The presence of BRAF mutation strongly favors a spo-
radic pathogenesis.31 Mutations in BRAF and KRAS are mutually exclusive. BRAF
mutated stages III and IV CRCs are associated with worse prognosis, including sur-
vival after tumor recurrence. BRAF V600E mutation blocks the effect of anti-EGFR an-
tibodies on disease progression in stage IV colorectal carcinoma. The effect of MSI
and BRAF mutations on survival in colorectal carcinoma is shown in Fig. 10.19,29–31,57

Prognostic biomarkers for management of patients with colorectal carcinoma
POLE mutations Colorectal carcinoma with POLE (exonuclease domain of polymer-

ase epsilon) proofreading domain mutations are more immunogenic and portend a
better prognosis in stages II and III CRC. The presence of POLE mutations results in
better recurrence-free survival and disease-free survival relative to MSI-proficient
tumors.58

MASPIN MASPIN has been reported to be negative in normal colonic mucosa.
Cytoplasmic and nuclear positivity in superficial and deep parts of the tumor have
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been noted. The staining correlated positively with a right-sided location and a high
tumor grade. Increased nuclear grade correlated with more than 4 positive lymph
nodes. The tumors belonging to both conventional pathway and MSI pathway reveal
MAPSIN expression.59

SATB1 SATB1 shows nuclear positivity in normal colonic mucosa and colorectal
carcinoma. It has been reported that approximately 22% CRC show loss of expres-
sion, which is associated with worse overall survival predominantly in right-sided co-
lon cancers. The loss is associated with younger age, mucinous or signet ring
histology, poor differentiation, and less favorable response to chemotherapy. It corre-
lates with CIMP-high phenotype.60

Histone deacetylases Global nuclear expression of histone modifications and his-
tone deacetylases correlates with clinical outcomes in CRC. The deacetylases cause
epigenetic changes and have been reported to have clinical prognostic value as indi-
vidual markers and in combination when used for multimarker analysis. The specific
deacetylases significantly reported to be dysregulated in CRC include SIRT1
(decreased nuclear expression), HDAC2 (increased nuclear expression), and
H4K16Ac (decreased nuclear expression). It may correlate with long interspersed nu-
clear element-1 hypomethylation.61

RSPO fusions CRCs with RSPO fusions are sensitive to repression of WNT pathway
signaling with anti-RSPO antibody and PORCN inhibitors.16

Phospholipase The expression of PLA2G2A, a phospholipase, is associated with an
aggressive phenotype, low survival, and poor therapeutic response in patients
receiving concurrent chemoradiotherapy.62

Exosomes ALG-2 interacting protein X, an exosome involved in transporting bioac-
tive molecules, potentially mediates epithelial stromal interactions and reveals
reduced expression in adenoma and colorectal carcinoma.63,64

Mismatch Repair Testing

Scientific rationale
The MMR gene MSH2 binds with MSH3 and MSH6, forming a functional molecular
complex that facilitates the recognition of the DNAmismatch. Subsequently, the com-
plex recruits MLH1, its binding partner PMS2, and other enzymes, leading to excision,
repolymerization, and ligation of the repaired strand of DNA. Patients with HNPCC and
15% of sporadic tumors have defective DNA MMR and are high-frequency MSI.

Clinical rationale
Molecular testing is recommended in patients with CRC to evaluate for possible Lynch
syndrome. It is used in patients less than 70 years of age, with high-grade right-sided
colon cancer, mucinous histology, and Crohn’s disease–like peritumoral lymphoid
infiltrate. Lynch syndrome–associated colorectal adenomas have also been reported
to have abnormal MSI or immunohistochemical (IHC) testing results. Initial screening is
accomplished by MSI testing using PCR or immunohistochemistry for MMR pro-
teins.34 Definitive diagnosis of the disorder and presymptomatic detection of carriers
in at-risk individuals is possible by follow-up germline testing, with the potential for a
reduction in morbidity and mortality. MSI is also a good prognostic marker for patients
without lymph node metastases after undergoing neoadjuvant radiotherapy. Guide-
lines for reporting MMR as a predictive biomarker of response to PD-L1 therapy are
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in the pipeline. The information is used for the selection of patients for
immunotherapy.34,48,65–68

Best method
MSI testing is generally performed with at least 5 microsatellite markers, generally
mononucleotide or dinucleotide repeat markers. In 1998, a National Institutes of
Health consensus panel proposed that laboratories use a 5-marker panel comprising
3 dinucleotide and 3 mononucleotide repeats for MSI testing. Because mononucleo-
tide markers have a higher sensitivity and specificity, many commercially available kits
use 5 mononucleotide markers.

QUALITY ASSURANCE

The detection of MSI in a tumor by microsatellite analysis requires that the DNA used
for the analysis be extracted from a portion of the tumor that contains approximately
40% or more tumor cells. Thus, pathologists should help to identify areas of the tumor
for DNA isolation that have at least this minimum content of tumor cells. MSI testing is
frequently performed in conjunction with IHC testing for MMR protein expression (ie,
MLH1, MSH2, MSH6, and PMS expression). If the results of MMR IHC andMSI testing
are discordant (eg, high-frequency MSI phenotype with normal IHC or abnormal IHC
with MSS phenotype), then the laboratory should ensure that the same sample was
used for MSI and IHC testing and that there was no sample mix up. External profi-
ciency testing surveys are available through the College of American Pathologists Mo-
lecular Oncology resource committee and other organizations. These surveys are
invaluable tools to ensure that the laboratory assays are working as expected.

PITFALLS

� During IHC evaluation of MSI proteins, an intact expression of all 4 proteins indi-
cates that the tested MMR enzymes are intact.

� It is common for intact staining to be patchy.
� Positive IHC reaction for all 4 proteins does not exclude the Lynch syndrome,
because approximately 5% of families may have a missense mutation (especially
in MLH1), which can lead to a nonfunctional protein with retained antigenicity.

� Defects in lesser known MMR enzymes may also lead to a similar result, but this
situation is rare.

� Loss of expression of MLH1 may be caused by the Lynch syndrome or methyl-
ation of the promoter region (as occurs in sporadic MSI colorectal carcinoma).
BRAF mutation testing can help in differentiating the cases, although definitive
interpretation is possible by genetic testing.65–68

Recommendations

The National Comprehensive Cancer Network guidelines recommend MMR protein
testing to be performed for all patients younger than 50 years of age with colon cancer
based on an increased likelihood of the Lynch syndrome in the US population. The
testing should also be considered for all patients with stage II disease, because pa-
tients with stage II high-frequency MSI may have a good prognosis and do not benefit
from 5-fluorouracil adjuvant therapy.

Mismatch repair immunohistochemistry
The DNA MMR proteins are ubiquitously expressed in normal human tissues. HNPCC
or the Lynch syndrome results in instability of the truncated messenger RNA transcript
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and the protein product and results in complete loss of ICH-detectable MMR protein in
tumors. Mutation of MLH1 results in its loss from the DNA MMR complex, subse-
quently leading to loss of PMS2 from the repair protein complex. Therefore, mutation
and loss of the MLH1 protein is also usually accompanied by loss of PMS2 expression.
The same mechanism holds true for MSH2 and its binding partner, MSH6. These IHC
results are summarized in Table 7. The specificity of loss of protein expression for an
underlyingMMR defect is virtually 100%, although up to 10%of these tumors areMSS
on MSI testing. The staining pattern of the tumor tissue is compared with the normal-
appearing control tissue of the same patient to prevent misinterpretation caused by
polymorphisms.21–25

Reporting guidelines (College of American Pathologists)
� The results of DNA MMR IHC and MSI testing should be incorporated into the
surgical pathology report for the CRC case and an interpretation of the clinical
significance of these findings provided.

� If DNA MMR IHC has not been performed, this testing should be recommended
for any cases that show a high-frequency MSI phenotype, because this informa-
tion helps to identify the gene that is most likely to have a germline mutation.

� Examination of expression of MLH1, MSH2, MSH6, and PMS2 is the most com-
mon IHC testing method used for suspected high-frequency MSI cases; anti-
bodies to these MMR proteins are available commercially.

� Any positive reaction in the nuclei of tumor cells is considered as intact expres-
sion (normal).

� Loss of MSH2 expression essentially always implies the Lynch syndrome.65–68

MICROSATELLITE INSTABILITY TESTING

Frameshift mutations in microsatellites are identified by the amplification of selected
microsatellites by PCR and analysis of fragment size by gel electrophoresis or an auto-
mated sequencer after extraction of DNA from both normal and tumor tissue (usually
formalin-fixed, paraffin-embedded tissue). The sensitivity of the revised panel of MSI
testing is at least 90% (Table 8).4–7

Various fluorescent multiplex PCR-based panels (eg, Promega panel) are used for
detection of MSI loci. The prototype Promega panel uses fluorescently labeled primers

Table 7
Interpretation of DNA MMR IHC

MLH1 PMS2 MSH2 MSH6 Interpretation

1 1 1 1 Intact DNA MMR; or rare germline point mutation with
intact IHC; or other gene

— — 1 1 MLH1 methylation silencing or MLH1 germline mutation
(HNPCC)

1 1 — — MSH2 germline mutation (HNPCC)

1 — 1 1 PMS2 germline mutation (HNPCC); rare MLH1 mutation
may also have this pattern

1 1 1 — MSH6 germline mutation (HNPCC)

Abbreviations: HNPCC, hereditary nonpolyposis colon cancer; IHC, immunohistochemistry; MMR,
mismatch repair.

Adapted from Redston M. Epithelial neoplasms of the large intestine. In: Odze RD, Goldblum JR,
editors. Surgical pathology of the GI tract, liver, biliary tract and pancreas. 2nd edition. Philadel-
phia: Elsevier; 2009. p. 631; with permission.
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for the coamplification of 7 markers for analysis of the high-frequency MSI phenotype,
including 5 nearly monomorphic mononucleotide repeat markers (BAT-25, BAT-26,
MONO-27, NR-21, and NR-24) and 2 highly polymorphic pentanucleotide repeat
markers (Penta C and Penta D). Amplified fragments are detected using special spec-
tral genetic analyzers.20,21,36,37

BRAF Mutation Testing

BRAF mutations in colorectal carcinoma neoplasms are activating point mutation at
V600E, which may be detected in 6% to 10% of CRCs. This mutation constitutively
stimulates other enzymes to promote continuous cell growth. This stimulation abro-
gates the ability of EGFR inhibitors to block cell proliferation and growth and confers
resistance to anti-EGFR antibodies. The test is performed on formalin-fixed paraffin-
embedded tumor tissue by sequencing-based technologies or allele-specific PCR.
In addition, laboratory developed tests that involve standard genotyping or next-
generation sequencing may be used to measure the level of this mutation. BRAF mu-
tation testing is performed for prognostic stratification. It confers a worse clinical
outcome and need for adjuvant therapy. Mutations are associated with reduced over-
all survival, and shorter progression-free survival. The poor prognosis is attributed to
the genetic pathway in which it occurs. The adverse effects are negated in CIMP-
positive tumors; it is also performed in MMR-deficient tumors to evaluate for the Lynch
syndrome. There are insufficient data to guide the use of anti-EGFR therapy in the first-
line setting with active chemotherapy based on BRAF V600E mutation status. IHC for
mutated BRAFV600 E is not recommended for use in colorectal carcinoma because it
is not as sensitive and concordant with genomic sequencing. However, it may be used
for screening for the Lynch syndrome in conjunction with molecular genetic testing.
Testing should be performed only in laboratories that are certified under the Clinical
Laboratory Improvement Amendments of 1988 as qualified to perform high-
complexity clinical laboratory (molecular pathology) testing.19,30,69–72

CpG Island Methylation Analysis Testing

A subset of CRCs (about 25%) have widespread aberrations in DNA methylation,
including promoter silencing of genes. Referred to as CIMP, this subset includes
most sporadic high-frequency MSI cancers with methylation silencing of MLH1.
CIMP testing is a method to detect abnormal DNA methylation by using a panel of
markers/loci and has been used in some studies to differentiate sporadic from hered-
itary MLH1-deficient cancers. Although there has not yet been an international
consensus on the correct choice of markers for CIMP testing, several loci have begun

Table 8
Bethesda criteria for MSI

Loci with MSI (%) Classification

40 MSI-H

10–30 MSI-L

0 MSS

Abbreviations: MSI, microsatellite instability; MSI-H, high-frequency microsatellite instability;
MSI-L, low-frequency microsatellite instability; MSS, microsatellite stable.

Adapted from Redston M. Epithelial neoplasms of the large intestine. In: Odze RD, Goldblum JR,
editors. Surgical pathology of the GI tract, liver, biliary tract and pancreas. 2nd edition. Philadel-
phia: Elsevier; 2009. p. 629; with permission.
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to emerge as the most sensitive and specific for this type of application. The CIMP
genes commonly analyzed include CACNA1G, SOCS1, NEUROG1, RUNX3, and
IGF2. COL2A repeats serves as normalization control. Methylation-specific PCR is
widely used for analysis, although there is lack of standardization. Some high-
frequency MSI tumors are CIMP high, but negative for BRAF mutations. Therefore,
CIMP testing is not a surrogate for BRAF mutation testing and has additional signifi-
cance. Sporadic MSI-high colon cancers rarely reveal IHC evidence of Wnt signaling
activation.73 Based on conventional pathway DNA methylation, MSS and CIMP-
negative colorectal carcinomas comprise 47% to 55% of CRC, are mostly located
in distal colon, and are presumed to arise from conventional adenomas. Distinct
methylation patterns involving genes not included in the traditional CIMP assessment
panels have been reported in the conventional pathway of CRC. The reported clusters
included 30 CpG loci associated with homeobox genes, intestinal transcription factor
CDX-2, and the prostate cancer susceptibility genes PRAC1 and PRAC2.68–72,74

KRAS MUTATION TESTING

Mutations in codons 12 and 13 in exon 2 of the coding region of the KRAS gene predict
a lack of response to therapy with antibodies targeted to EGFR. The presence of the
KRAS gene mutation has been shown to be associated with a lack of a clinical
response to therapies targeted at EGFR, such as cetuximab and panitumumab.
Although clinical guidelines for KRASmutational analysis are evolving, provisional rec-
ommendations from the American Society for Clinical Oncology are that all patients
with stage IV colorectal carcinoma who are candidates for anti-EGFR antibody ther-
apy should have their tumor tested for KRAS mutations (available from: http://www.
asco.org/CRC-markers-guideline, updated 2017). Testing for mutations in codons
12 and 13 should be performed only in laboratories that are certified under the Clinical
Laboratory Improvement Amendments of 1988 as qualified to perform high-
complexity clinical laboratory (molecular pathology) testing. The testing can be per-
formed on formalin-fixed paraffin-embedded tissue, on primary or metastatic cancer.
Sequencing (Sanger/pyrosequencing) and PCR-based technologies are commonly
used. Hybridization-induced aggregation technology and deep sequencing tech-
niques are in the pipeline.14,75–79

GERMLINE TESTING
Hereditary Nonpolyposis Colon Cancer

The goal of a genetic workup of families with HNPCC is to identify the underlying germ-
line mutation. Confirmation of the germline mutation allows for the most accurate
treatment and follow-up recommendations for the patient, and allows predictive
testing to be undertaken in interested family members. The initial approach by most
laboratories is to analyze the complete coding sequence of the relevant gene or genes
(depending on IHC results), as well as a portion of the intronic regions important to
exon splicing. Some laboratories use a variety of rapid screening approaches to
find mutations, whereas others undertake a complete sequence analysis.7,33

APC Gene

Ninety-eight percent of alterations in FAP include frameshift, nonsense, splice site mu-
tations, large deletions, and duplications of the APC gene. Testing is performed by
mutation screening (Sanger sequencing, conformation sensitive gel electrophoresis,
and protein truncation testing) with reflex conformation sequencing. Gene deletion
or duplication analysis may be performed by multiplex ligation-dependent probe
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amplification. False-negative results can occur because of deep intronic mutations,
allele dropout, somatic mosaicism, and locus heterogeneity for the phenotype. Nega-
tive results may be followed by MUTYH targeted mutation testing.22

ALGORITHMIC STRATEGIES FOR MANAGEMENT OF MISMATCH REPAIR COLORECTAL
CARCINOMA

There is no definitive standardized practice for the triage of colorectal carcinoma for
molecular testing. Almost all microsatellite-instable colorectal carcinomas are
detected by a combination of MSI and IHC testing. In the presence of deficient
MMR, additional loss of protein expression of MSH2/MSH6, MSH6 alone, or PMS2 in-
creases likelihood of the Lynch syndrome. Concomitant incidence of defective MMR,
CIMP high, and MLH1 supports the diagnosis of sporadic defective MMR CRC.
Detection of a BRAF c.1799T>A mutation serves to exclude diagnosis of the Lynch
syndrome. Funkhauser and colleagues have critically analyzed the various recom-
mendations and have advocated a screening algorithm to include MSI testing,
BRAF c. 1799T>Amutation, and IHC for the 4MMR proteins. Fig. 11 showsMMR sub-
group assignment for approximately 94% of colorectal carcinoma cases. Only the
high-frequency MSI, MLH1 lost, and BRAF wild-type cases remain unassigned. The

Fig. 11. Algorithmic strategies for prognosis and prediction of therapeutic response. 5-FU,
5-fluoracil; MSI-H, high-frequency microsatellite instability. (Modified from Funkhouser
WK Jr, Lubin IM, Monzon FA, et al. Relevance, pathogenesis, and testing algorithm for
mismatch repair–defective colorectal carcinomas. A report of the Association for Molecular
Pathology. J Mol Diagn 2012;14(2):97; with permission.)
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group recommends triage of unassigned 6% cases to referral laboratories performing
high volumes of hypermethylation, sequencing, and deletion testing for resolution of
subgroup assignment. An additional subgroup, comprising 1.7% of the cases (those
assigned to the Lynch syndrome subgroup), would also be referred to define the germ-
line mutation/deletion involved. The recommendation is based on the expectation that
cost of testing is less than the cost of delayed diagnosis and absent surveillance of
Lynch carriers.32 The National Comprehensive Cancer Network (available from:
www.nccn.org) recommends the use of the Amsterdam or revised Bethesda criteria
as the initial screening step. This approach would miss the diagnosis of 5% to 58%
of new cases of the Lynch syndrome, as well as most sporadic defective MMR
CRC cases.
The Evaluation of Genomic Applications in Practice and Prevention model esti-

mated detection rates and costs of testing using 4 different testing strategies:

a. MMR gene sequencing/deletion testing on all probands;
b. MSI testing, followed by MMR gene sequencing/deletion testing on all high-

frequency MSI cases;
c. IHC testing, with protein loss guiding targeted MMR gene sequencing/deletion

testing; and
d. IHC, with BRAF c.1799T>A testing of cases with MLH1 protein loss. Each of these

would fail to detect all defective MMR CRC.

A similar comparison of 4 strategies, each starting with a single test, was recently
published by the US Centers for Disease Control and Prevention, with similar limita-
tions to the Evaluation of Genomic Applications in Practice and Prevention model.
The IHC sequencing strategy and IHC_/_ BRAF c.1799T>A sequencing strategy
were more cost effective for the diagnosis of Lynch syndrome probands and carriers.
However, 11% to 12% of cases of the Lynch syndrome would not be diagnosed
because of the absence of MSI testing to identify high-frequency MSI tumors with
normal IHC in patients with the Lynch syndrome. Published recommendations by
other investigators and clinical groups also exist. The aim of molecular subgrouping
is improved diagnostic accuracy and appropriate therapy, genetic counseling for pa-
tients with germline MMRmutations, and appropriate counseling and screening of un-
affected family members of patients with the Lynch syndrome.32,33

MOLECULAR INVESTIGATION OF LYMPH NODES IN PATIENTS WITH COLON CANCER
USING ONE-STEP NUCLEIC ACID AMPLIFICATION

A diagnostic system called one-step nucleic acid amplification, has recently been
designed to detect cytokeratin 19 messenger RNA as a surrogate for lymph node
metastases. In a study by Güler and colleagues,28 analysis of lymph nodes reported
negative after standard examination with hematoxylin and eosin resulted in upstaging
2 of 13 patients (15.3%). Compared with histopathology, one-step nucleic acid
amplification had a 94.5% sensitivity, 97.6% specificity, and a concordance rate of
97.1%. However, insufficient data are available for routine use in standard clinical
practice.80,81

MOLECULAR STAGING INDIVIDUALIZING CANCER MANAGEMENT

GUCY2C is a member of a family of enzyme receptors synthesizing guanosine 3050

cyclic monophosphate from guanosine-50-triphosphate, which is expressed on intes-
tinal epithelial cells but not in extraintestinal tissues. The expression is amplified in
colorectal carcinoma compared with normal intestinal tissues. It is identified in all
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colorectal human tumors independent of anatomic location or grade, but not in extra-
gastrointestinal malignancies. Therefore, it has a potential application in identifying
occult metastases in the lymph nodes of patients undergoing staging for CRC. How-
ever, there are insufficient data to support its use in standard clinical practice.82

NOVEL MOLECULAR SCREENING APPROACHES IN COLORECTAL CANCER

Stool DNA potentially offers improved sensitivity, specificity, and cancer prevention by
the detection of adenomas. The basis for stool DNA screening is the identification of
genetic alterations in the initiation of a sequenced progression from adenoma to car-
cinoma, such as mutations in APC, KRAS, DCC, and p53. Key genetic alterations seen
in many hereditary forms of CRC correspond with genetic alterations in sporadic CRC,
indicating that the somatic occurrence of these genetic alterations leads to the initia-
tion and progression of CRC and supports the targeting of these genes for generalized
population screening. DNA methylation of CpG islands of known CRC markers has
been shown in DNA samples from serum and stool samples of patients with CRC.
SFRP2 methylation in fecal DNA was evaluated for detection of hyperplastic and
adenomatous colorectal polyps. SFRP methylation was not found in healthy
controls.83

PREDICTIVE AND PROGNOSTIC MARKERS
Quantitative Multigene Reverse Transcriptase Polymerase Chain Reaction Assay

Quantitative gene expression assays to assess recurrence risk and benefits from
chemotherapy in patients with stages II and III colon cancer have been evaluated
and are commercially available. The test provides information on the likelihood of dis-
ease recurrence in colon cancer (prognosis) and the likelihood of tumor response to
standard chemotherapy regimens (prediction). The Oncotype Dx colon cancer assay
evaluates a 12-gene panel consisting of 7 cancer genes and 5 reference genes to
determine the recurrence score. This score was validated in the QUASAR (Quick
and Simple and Reliable) study. The score improves the ability to discriminate high-
risk from low-risk patients who have stage II colon cancer beyond known prognostic
factors even in the cohort of apparently low-risk patients. Similar proportional reduc-
tions in recurrence risks with 5-fluorouracil/leucovorin chemotherapy were observed
across the range of recurrence scores. Another Oncotype Dx score was validated in
the National Surgical Adjuvant Breast and Bowel Project C-07 study, which differen-
tiated risk of recurrence for patients with stage III disease and in the context of
oxaliplatin-containing adjuvant therapy.25,65,83–85

Future trends
Other gene mutations associated with resistance to anti-EGFR therapy

� KRAS mutations at codons 61 and 146,
� PIK3CA exon 20 mutation, and
� PTEN protein inactivation.33

MicroRNAs Upregulated microRNAs in colorectal carcinoma include miR-96 onco-
genic microRNAs involved in key signaling pathways. miR-96, miR-21, miR-135,
and miR17 to 92 potentially target CHES1 (transcription factor involved in apoptosis
inhibition). miR-21 correlates with the downregulation of tumor suppressor protein
PDCD4. It may target PTEN, a tumor suppressor gene. miR-135a and miR135b corre-
late with reduced expression of the APC gene. Overexpression of miR17-92 results in
the suppression of the antiangiogenic factors Tsp1 and connective tissue growth fac-
tor. It also mediates myc-dependent tumor growth promoting.
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Downregulated microRNAs The downregulated microRNAs include 143 and 145, 31,
96, 133b, 145, and 183. microRNA-133 targets kras, which is known to be involved in
signaling pathway for cell proliferation. Expression level of microRNA-31 correlates
with development and stage of colorectal carcinoma. Experimentally mediated over-
expression of microRNA-34a subsequent effects associated with actions of p53, such
as cell cycle arrest and apoptosis, could be phenocopied. There is potential for early
detection and staging. It detects precancerous adenomas. It relies on real-time qual-
itative PCR, which yields results within a 24- to 48-hour period.85 hsa-miR-663b,
hsa-miR-4539, hsa-miR-17-5p, hsa-miR-20a-5p, hsa-miR-21-5p, hsa-miR-4506,
hsa-miR-92a-3p, hsa-miR-93-5p, hsa-miR-145-5p, hsa-miR-3651, hsa-miR-378a-
3p, and hsa-miR-378 have been reported to be differentially expressed in colorectal
carcinoma versus normal colonic mucosa. On comparison of MSI and MSS tumors,
the majority of differentially expressed microRNAs were downregulated. The micro-
RNAs most significantly associated with survival include miR-196b-5p, miR-31-5p,
miR-99b-5p, miR-636, and miR-192-3p. Higher levels of expression increase the
risk of dying from colon cancer, but improve survival if diagnosed in rectal cancer.
miR-196a-5p and miR-196b-5p were downregulated in both CIMP-high and BRAF-
mutated tumors. Tp53 mutated tumors revealed significant difference in expression
of miR-224, miR-17, miR-1226, miR-532-5p, miR-17, miR-574-5p, miR-424, and
miR-16. KRAS-mutated tumors revealed significant downregulation in expression of
microRNA-204-3p, upregulation in miR-4255, and miR-518e-5p.85–88

EPIGENETIC INACTIVATION OF ENDOTHELIN 2 AND ENDOTHELIN 3 IN COLON CANCER

Therapeutic strategies target overexpressed members of the endothelin axis via small
molecule inhibitors and receptor antagonists, but this work supports a complementary
approach based on the reexpression of endothelin 2 and endothelin 3 as natural an-
tagonists of endothelin 1 in colon cancer.89

Role of Programmed Death Ligand 1 Expression in Colorectal Carcinoma

At the time of detection of a tumor, the balance of power between the immune system
and the cancer has shifted in favor of the growing tumor, and a state of immune toler-
ance has been established. The goal of cancer immunotherapy is to reestablish a tar-
geted antitumor immune response. Blockade of inhibitory immune check point
molecules enhances immune response to tumors. Immune checkpoint blockade tar-
geting the programmed death-1 (PD-1) pathway has shown efficacy in several types of
cancers, including MMR-deficient colorectal carcinoma. PD-L1 expression detected
by immunohistochemistry has shown usefulness as a predictive marker for response
to anti–PD-1 therapies. Most colorectal carcinomas with significantly increased lym-
phocytes fall into the MMR-deficient subset. The tumors also possess clinicopatho-
logic parameters associated with MMR deficiency. The features included medullary
morphology, a right side location, younger age, higher tumor infiltrating lymphocyte
score, and peritumoral lymphocyte aggregates. In a study characterizing PD-L1–pos-
itive colorectal tumors, the significant features included poor differentiation, MMR
deficiency, “stemlike” immunophenotype defined by loss or weak expression of
CDX-2, and stem cell marker ALCAM positivity. Eighty-eight percent of the tumors
also revealed the BRAF V 600E mutation. These features are associated with tumors
arising via the serrated neoplasia pathway. In 1 study, it was found that 5% of colo-
rectal carcinomas exhibited high tumor PD-L1 expression and 19% had increased
PD-1–positive tumor-infiltrating lymphocytes. MMR-deficient tumors had significantly
higher rates of PD-1 and PD-L1 expression and a stronger intensity of staining when
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compared with MMR-proficient tumors. Tumors with proficient MMR function (96%)
are less likely to respond to anti-PD1 therapy. Further, PD-1/PD-L1 expression strat-
ified recurrence-free survival in an interdependent manner. Patients whose tumors
had both PD-1–positive tumor infiltrating lymphocytes and high PD-L1 expression
had a significantly worse recurrence-free survival rate. Tumors with high PD-1–posi-
tive tumor-infiltrating lymphocytes and low-level PD-L1 expression revealed improved
recurrence-free survival rates.90,91

Cell-free nucleic acid analysis
Although solid tissue based analysis has been the mainstay of CRC diagnosis, inter-
rogation of cell-free DNA (cfDNA) in fluids including serum, plasma, urine, spinal fluid
has proven beneficial for diagnosis and prognosis of these disease states.92–97

Studies by Pereira and colleagues94 showed that in 78% of the samples tested
(100/128), there were detectable somatic genomic alteration in studies comparing
formalin-fixed, paraffin-embedded tissue from prior resections or biopsies with
cfDNA obtained from peripheral blood samples in certain cases. In addition, 50%
of cfDNA cases had potentially actionable alterations, and physicians reported that
the cfDNA testing improved the quality of care they could provide in 73% of the
cases. Furthermore, 89% of patients reported greater satisfaction with the efforts
to personalize experimental therapeutic agents. Studies by Zhuang and colleagues95

showed in a meta analysis that KRAS mutation in cfDNA obtained from plasma or
serum was associated with a poorer survival in patients with cancer for overall sur-
vival in patients with CRC and that ethnicity did not seem to influence the prognostic
value of this mutation. Similarly, other metaanalyses97 have suggested that the
cfDNA of both KRAS and BRAF mutations can serve as poor prognostic biomarkers
associated with worse survival outcomes in patients undergoing hepatic resection as
a result of CRC-related liver metastasis. Hypomethylation of long interspersed nu-
clear element-1 in plasma cf DNA obtained from patients with CRC with large tumors
(�6.0 cm), advanced N stage (�2), and distant metastasis (M1) had statistically
significantly higher cfDNA long interspersed nuclear element-1 hypomethylation in-
dex than other patients with CRC.96 Furthermore, patients with early stages I and
II CRC as well as patients with advanced stages III and IV CRC had significantly
higher cfDNA long interspersed nuclear element-1 hypomethylation index than
healthy donors, suggesting cfDNA long interspersed nuclear element-1 hypomethy-
lation index as a disease progression biomarker for CRC.96 cfDNA analysis in CRC
may provide timely information on potentially actionable mutations and amplifica-
tions, thereby facilitating clinical trial enrollment, personalized treatment and
improving the overall quality of care.
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INTRODUCTION

Neoplasms of the small intestine are rare in comparison with colorectal tumors. The
most common tumor types arising in the small intestine are adenocarcinomas
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KEY POINTS

� Small intestinal adenocarcinomas are frequent in Lynch syndrome.

� KRAS mutations are found in small intestinal adenomas and adenocarcinoma and imply
poor prognosis.

� P53 mutation is a late event in adenoma carcinoma sequence.

� Crohn disease–associated adenocarcinoma reveals p53 mutation as an early event.

� Celiac disease–associated adenocarcinomas have high level of CpG island methylation.

� Microsatellite instability and loss of MMR is extremely rare in pseudomyxoma peritonei.
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(24%–44%), well-differentiated neuroendocrine tumors (20%–42%), gastrointestinal
stromal tumors (7%–9%), and lymphoma (12%–27%).1,2

Small-intestinal adenocarcinomas (SIAs) are uncommon malignancies, occurring
50-fold to 100-fold less often than cancers of the large intestine. SIAs are commonly
seen between 60 and 70 years of age with slight male predominance. Adenocarci-
noma originates in the duodenum in 52.0% (usually in the vicinity of the ampulla of
Vater), jejunum in 18.7%, ileum in 17.2%, and unspecified sites in 12.0% of pa-
tients.3 Some diseases can lead to small intestinal adenomas or/and carcinomas,
such as familial adenomatous polyposis, celiac disease (CD), Crohn disease,
Peutz-Jeghers syndrome, juvenile polyposis syndrome, and Lynch syndrome.4

Most small-intestinal and ampullary adenocarcinomas are believed to arise from
an adenoma-carcinoma sequence (APC, KRAS, TP53, SMAD4, EGFR), such as
CD-associated adenocarcinoma. However, adenocarcinomas arising in the back-
ground of inflammatory bowel disease (Crohn disease) develop through the
dysplasia-carcinoma sequence and it is more common in the ileum (70%).4 SIAs
share many common molecular alterations with colorectal adenocarcinomas, but
significant differences exist.

MUTATIONS IN ADENOCARCINOMA
KRAS Mutations

The KRAS gene codes for a GTPase involved in the signaling pathways of several tyro-
sine kinase receptors. A KRAS mutation has been described in around 40% of colo-
rectal carcinomas (CRCs) and it is predictive of the lack of efficacy of anti-EGFR
antibody in treatment of metastatic CRC.5 Frequent KRAS mutations (43%–57%)
have been reported in SIA, with higher frequency in duodenal adenocarcinomas
than in other SIAs.6–8 KRAS mutation (G > A transitions and G12D mutations) is a
poor prognostic predictor for patients.7 KRAS mutations have also been detected in
50% to 62% of small-intestinal adenomas.9

TP53 Mutations

TP53 is a nuclear oncosuppressor protein that is involved in the maintenance of
genomic integrity. Mutations in the TP53 gene occur commonly in a wide range of can-
cers and result in overexpression of inactive p53 protein in the nuclei. TP53 mutations
are a late event in the adenoma-carcinoma sequence and are identified in 20% to 52%
of SIAs cases.8,10–12

APC and b-Catenin Mutations

APC mutation leads to an accumulation of b-catenin in the nuclei, which is a key
component of the Wnt signaling pathway to increased proliferation of epithelial
cells and is considered an early event in most colorectal carcinogenesis.13,14

The accumulation of b-catenin could occur either in the case of APC gene mutation
preventing b-catenin degradation or by gain-of-function mutations. APC mutations
have been reported in 0% to 26.8% of SIAs cases.8,10,11 Abnormal expression
of b-catenin was observed in 7.4% to 48% of SIAs11,15,16 and it is much less
frequent than in CRCs, which is seen in around 80% of tumor,17 suggesting
the Wnt pathway has a much less important role in SIAs than in colorectal
carcinogenesis.

Mismatch Repair Genes and Microsatellite Instability

Inactivation of the DNA mismatch repair MMR is characterized by tumor microsatellite
instability (MSI) and was detected in 15% of CRC. A deficient MMR is caused either by
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a germline mutation of one of the four MMR genes (usually MSH2 or MLH1, and more
rarely MSH6 or PMS2) in the case of Lynch syndrome, or by hypermethylation of the
MLH1 promoter in sporadic tumors.18 Patients with Lynch syndrome have a predispo-
sition to SIAs. In SIAs, the frequency of the deficient MMR phenotype is variable,
ranging from 5% to 35% of the cases.11,19,20

Epigenetic Alterations

The CpG island methylation phenotype (CIMP) is an epigenetic phenomenon found in
a variety of cancers.21 In colorectal and gastric cancers, CIMP frequently associates
with MLH1 methylation, loss of MLH1 transcription, and MSI-H.21 High-level DNA
methylation was found in 16% of chromosomal instable tumors and in 44% of micro-
satellite instable and microsatellite/chromosomally stable carcinomas.22

SMAD4/DPC4 Mutations

SMAD4/DPC4 (deleted in pancreatic cancer, locus 4, DPC4) is a mediator of growth
suppression through transforming growth factor (TGF)-b signaling, located at
18q21. SMAD4/DPC4 is known to be mutated in several tumor types, most frequently
in pancreatic carcinoma.23 SMAD4/DPC4 mutation has been reported in 17% to 24%
of small intestinal nonampullary adenocarcinomas7,23,24 and in 34% of the ampullary
adenocarcinomas.25

EGFR Mutations

A recent report showed that a high percentage of tumors express EGFR (71%) and
VEGF-A (96%) in young populations, suggesting a potential benefit from anti-EGFR
therapy, especially in those patients harboring a wild-type KRAS status.26–28 However,
another study revealed that mutations and amplification in EGFR genes are minor
events, and most SIAs may be unsuitable to EGFR-TKIs treatment.29 Further prospec-
tive studies are needed to determine the role of anti-EGFR therapy in SIAs.

ERBB2/HER2 Alterations

HER2 is one of a family of human epidermal growth factor receptors (HERs). Gene
amplification and overexpression of HER2/neu have been reported in around 15%
of gastric cancers.30 ERBB2/HER2 mutation has been reported in 1.7% to 8.2% of
SIA cases.7,15,20 ERBB2 alterations are present in 12% through mutations (8.4%) or
amplifications (3.6%) and ERBB2 mutations were significantly associated with
duodenal tumor location.24 This may suggest that more than 10% of the patients
with SIAs could be treated using an anti-ERBB2-targeted agent.24

Programmed Death 1/Programmed Death 1 Ligand 1

Programmed death 1 or programmed death 1 ligand 1 (PD-1/PD-L1) are known as im-
mune checkpoints and have been recently rapidly developing as oncotherapy for
various carcinomas. PD-1 and PD-L1 are highly expressed by most SIAs.31 PD-1
was expressed by intratumoral and peritumoral lymphocytes in 83% of SIA cases.
PD-L1 expression on tumor cells and immune cells was observed in 17% and 43%
cases, respectively. PD-L1 was mainly expressed by histiocytes capping cancerous
glands/nests at the invasive front or by most tumor cells in medullary carcinomas.
All the PD-L1-positive tumors also expressed PD-1. The tumors expressing PD-L1
containedmore CD31, CD41, and CD81 T cells, but showed a lower CD41/CD81 ratio
than those without expression of PD-L1. Blockage of the PD-1 pathway should be
evaluated in the treatment of SIA.
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BRAF Mutations

Infrequently BRAF mutations were observed in a subset of SIA, ranging from 1% to
14%.7,15,24 Also BRAF mutations were associated with higher pT classification and
more frequent pancreatic invasion.7 BRAF V600E mutations were much less common
in SIAs, representing only 10.3% of BRAF-mutated cases.7 Anti-EGFR targeted ther-
apy could be applied to patients if wild-type KRAS and BRAF exist, similar to patients
with colorectal cancer.7

CELIAC DISEASE–ASSOCIATED ADENOCARCINOMA

CD is associated with a significantly increased risk (as much as 80-fold compared with
the general population) of small bowel adenocarcinoma following the adenoma-
carcinoma sequence.4,32 Adenocarcinoma of the duodenum and proximal jejunum
is the most common location. The high-level CpG island methylation/MSI pathway
is typical of CD-associated small bowel carcinomas indicating that small bowel ade-
nocarcinomas in CD follow the CpG island methylation-MSI pathway and aberrant
CpG island methylation links CD and carcinogenesis.33 Medullary carcinoma of the
small bowel is characteristic for CD and showed loss of MutL homologue 1 (MLH1)
expression, consistent with high-level MSI.34

CROHN DISEASE–ASSOCIATED ADENOCARCINOMA

Crohn disease is associated with an increased risk of carcinoma of the colon and small
intestine. The incidence of SIA in Crohn disease is 40- to 86-fold greater than that
observed in the general population following the inflammation-dysplasia-carcinoma
sequence.4 In CRCs, TP53 mutations occur early in this pathway, associated with the
development of low-grade dysplasia. In addition, hypermethylation of CpG islands
leads to promoter silencing, among others of p16 and p27. Accumulation of such events
drives progression toward high-grade dysplasia. Additional events, such as KRAS mu-
tations and activation of the Wnt pathway (APC mutation/b-catenin), are involved in the
progression toward invasive carcinoma.35 Crohn disease–associated SIAs showed
similar carcinogenesis to those observed in chronic colitis-related CRCs including mu-
tations in KRAS, BRAF, TP53, and MSI. Nuclear localization of b-catenin and p16 pos-
itivity were more frequently observed in SIAs than in small bowel dysplasia, suggesting
an accumulation of genetic abnormalities during carcinogenesis.36

SERRATED ADENOMA

The serrated pathway in colorectal cancer occurs because of the epigenetic silencing of
MLH1 by hypermethylation resulting sporadic MSI-high CRCs, and BRAF mutations are
also frequently (up to70%) identified.KRASandTP53arenot typicallymutated in serrated
pathway. Serrated polyps are uncommon in small intestine, but they do occur. A study
showedabnormalb-cateninexpression in23%of thesmall-intestinal serratedadenomas,
abnormalp53expression in31%,KRASmutation in38%,andCIMP in50%of thecases.9

However, no BRAF V600E mutations were observed, suggesting that the serrated ade-
nomas in the small intestine may undergo a distinct pathway that is different from those
in the colon. More sample size of studies is needed to clarify this phenomenon.9

AMPULLARY ADENOCARCINOMA

Ampullary adenocarcinomas are subdivided into intestinal or pancreatobiliary subtype
cancers. More frequent KRAS alterations in pancreatobiliary-type ampullary
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carcinoma (61 vs 29%) and more frequent mutations in APC in intestinal-type ampul-
lary carcinoma (43 vs 17%) were observed.37 Gain of 13q and 3q, and deletions of 5q,
were found specific to the intestinal subtype.38 KRAS mutation, which occurs in most
pancreatic cancers, is found to occur less frequently in ampullary adenocarcinomas
(approximately one-third).39 A whole-genome sequence analysis has identified dele-
tions of KRAS, SMAD4, and PTEN, suggesting a distinct oncogenesis of the ampullary
cancers.40 Studies investigating microRNA expression profiles confirm ampullary can-
cers are distinct compared with pancreatic adenocarcinoma.41 PD-L1 is overex-
pressed in ampulla of Vater carcinoma and most of the PD-L1-positive tumors
(70%) were intestinal-type and poorly differentiated (G3), suggesting a role of the
PD-1/PD-L1 axis in ampullary adenocarcinomas, and a potential immunotherapy for
these tumors.42

SMALL-INTESTINE NEUROENDOCRINE TUMOR

Small-intestinal neuroendocrine tumor (SINET) is a common malignancy of the small
intestine. The incidence of SINET is increasing and accounts for 25% of all NETs.43

The most frequent genomic event identified in SINETs is loss of heterozygosity at
chromosome 18, occurring in 70% of tumors.44 Chromosome losses were also
frequently found of chromosomes 11 (23%), 16 (20%), and 9 (20%).44 Recurrent mu-
tations in the cell cycle regulator CDKN1B (cyclin-dependent kinase inhibitor 1B) have
been identified in approximately 8% of tumors in large-scale sequencing studies.45

Mutations occurring in CDKN1B are loss-of-function truncating mutations that occur
throughout the gene. Mutational status does not seem to correlate with expression
of p27 (the protein product of CDKN1B) and has no detectable association with clinical
characteristics or survival.45 In addition to CDKN1B, other somatic mutations in MEN1
and other genes involved in the PI3K/AKT/mTOR signaling pathway have been iden-
tified,46 suggesting a potential benefit from targeting the mTOR signaling therapy.47

SINETs are highly epigenetically dysregulated and characterized a panel of 21 genes
including CDX1, CELSR3, FBP1, and GIPR, which are epigenetically altered in 70% to
80% of cases, highlighting epigenetic mechanisms as potential drivers of tumorigen-
esis.48 MSI, a common feature of SIA,19,22 is uncommon in SINET,49 suggesting that
SINETs evolve differently than epithelial neoplasia in this organ. The latter exhibited
high frequencies of activating BRAF/KRAS mutations, which are typically absent in
SINET. PD-1/PD-L1 expression is a frequent occurrence in poorly differentiated
neuroendocrine carcinomas of the digestive system including SINET.50 PD-L1 expres-
sion was significantly associated with a high-grade World Health Organization (WHO)
classification (G3) but not with gender, primary site, or lymph node status, suggesting
that PD-L1 expression is a poor prognostic indicator.51 Checkpoint blockade targeting
the PD-1/PD-L1 pathway may have a potential role in treating patients with this
disease.

APPENDICEAL NEOPLASMS
Introduction

Primary appendiceal neoplasms are rare and found in less than 2% of appendectomy
specimenswith an incidence of approximately 1.2 cases per 100,000people per year in
the United States.52,53 WHO (2010) diagnostic terminology for primary appendiceal
neoplasms includes precursor lesions (conventional adenoma, (SSA/P), (TSA), (HP)),
adenocarcinomas, mucinous adenocarcinoma, signet ring cell carcinoma, low-grade
appendiceal mucinous neoplasm (LAMN), goblet cell carcinoids (GCC), and neuroen-
docrine carcinoma.54 High-grade appendiceal mucinous neoplasm is a newdiagnostic
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category and is included in the Americal Joint Committee on Cancer (AJCC) AJCC 8th
edition. High-grade appendiceal mucinous neoplasms are rare tumors that resemble
LAMN in lacking destructive invasion but show high-grade cytologic features. This
term is not part of the currentWHO terminology, but hasbeen recommended in a recent
consensuspublication andhasbeen included in theAJCC8th edition.55,56 Pseudomyx-
oma peritonei (PMP) results from peritoneal dissemination of mucinous appendiceal
neoplasms.57 Primary appendiceal adenocarcinomas (AA) are the most common sub-
type of appendiceal tumors and constitute 50% to 70% of all appendiceal neoplasms
and 0.5%of all neoplasms of gastrointestinal origin.52 Themost frequent histology was
a mucinous adenocarcinoma followed by nonmucinous adenocarcinoma. Carcinoids
represent 11% of the appendiceal neoplasms and neuroendocrine carcinoma is
extremely rare.52GCC tumor is a rare neuroendocrine tumor, comprisingapproximately
6% of appendiceal carcinoids.54

Appendiceal (Nonmucinous) Adenocarcinoma

Despite their anatomic contiguity, AA and CRC are two molecularly distinct tumor
types.6 A large cohort of patients revel significant differences as assessed by the Cancer
Genomic Atlas data.57 KRAS mutations are seen at a high rate in AA,57–59 and are
strongly associated with moderately differentiated histology compared with poorly
differentiated tumors.58,60 BRAF, EGFR, and c-KIT mutations are less frequent in AA.
The prevalence of MSI is low in comparison to colon adenocarcinomas.59,61 The pres-
ence of chromosome 18q loss and DPC4 mutations in AA suggests involvement of
DPC4 and nearby genes on chromosome 18q (DCC and/or JV-18) in the pathogenesis
of AA.62 Next-generation sequencing revealed mutations in 50.4% KRAS, 21.9% TP53,
17.6%GNAS, 16.5% SMAD4, 10% APC, 7.5% ATM, 5.5%PIK3CA, 5.0% FBXW7, and
1.8% BRAF.63 GNAS encodes the a subunit of the stimulatory G protein (Gs-alpha), a
guanine-nucleotide binding protein (G protein) involved in hormonal regulation of adeny-
late cyclase. Overall, appendiceal cancers have similar patterns in their molecular profile
to pancreatic cancers and have differential expression from colorectal cancers.63

Mucinous Appendiceal Neoplasm

Appendiceal mucinous neoplasms are characterized by KRAS mutations most cases
that may drive the progression of PMP.64–66 GNAS mutations are also frequently
observed in low-grade appendiceal mucinous tumors and may play a crucial role in
mucin production in patients with PMP,67,68 but do not affect survival.67,69 GNAS
codon 201 is mutated with high frequency in PMP.70 Alterations in APC, ATM, PIK3CA,
SMAD4, NRAS, TP53, and the TGF-b pathway, particularly in adenocarcinomas, are
also present.71–76

Low-grade appendiceal mucinous neoplasm/high-grade appendiceal mucinous
neoplasm
A total of 100%of LAMN had a KRASmutation either in codon 12 or 13, with G12D and
G12V being the most common.60 GNAS alterations have been reported to occur in
50% of LAMN cases.16 MSI and BRAF mutations have not been demonstrated.60

Pseudomyxoma peritonei
PMP is a subtype of mucinous adenocarcinoma mainly restricted to the peritoneal
cavity and most commonly originating from the appendix. KRAS and/or GNAS muta-
tions are common genetic features of PMP. A study identified 58% of PMP are positive
for KRAS mutation, and 89% of the mutations were in codon 12 and 11% in codon
13.58 Codon 12 mutations may be associated with mucin production. Mutations in
TP53 and/or genes related to the PI3K-AKT pathway may render malignant properties

Zhang et al348



to PMP.71 Aberrantly expressed p53 is associated with high-grade histology and
reduced survival.71 GNAS mutation or an alternative mutation in the PKA pathway
was identified in most of PMP patients, so inhibition of the PKA pathway might reduce
mucin production in most of the PMP patients and potentially suppress disease pro-
gression. TGF-b pathway is dysregulated in PMP, and SMAD4, SMAD2, SMAD3,
TGFBR1, and TGFBR2 mutations have been the most often detected ones.77 BRAF
V600E, PIK3CA, and APC mutations are rare. All the studied tumors expressed
MMR proteins MLH1, MSH2, and MSH6. No MSI and BRAF mutations are present.69

The presence of an LKB1 mutation possibly linked to activation of mTOR pathway.68

Also, the involvement of SMAD4 was already described.68,70 New mutations in angio-
genic tyrosine kinase receptors, such as FGFR3 or PDGFRA, are discovered, which
may be targeted by specific inhibitors.25

Neuroendocrine Neoplasm

Appendiceal neuroendocrine neoplasms comprise the largest subgroup of appendi-
ceal neoplasms with at least 30% of all appendiceal neoplasms.78 Neuroendocrine
neoplasms of the appendix include well-differentiated neuroendocrine tumor (carcinoid
tumor), poorly differentiated neuroendocrine carcinoma (including small cell and large
cell neuroendocrine carcinomas), mixed adenoneuroendocrine tumors, and GCC.54

Appendiceal carcinoid tumor
Allelic loss of chromosome 11q25 was not found in any of the seven classical appen-
diceal carcinoids compared with 40% of ileal carcinoids.79 Allelic loss of chromo-
somes 16q and 18q was less frequent in nonileal carcinoid tumors, such as
appendiceal carcinoid tumor, than in GCC.80 No K-ras and p53 mutations were
detected. It suggests that ras oncogenes are probably not involved in the pathogen-
esis of appendiceal carcinoids.81

Goblet cell carcinoid
GCC is a distinctive group of heterogeneous appendiceal neoplasm having glandular
and neuroendocrine morphology.52 Most molecular studies have indicated the similar-
ity between ileal carcinoids and GCC. Stancu and colleagues80 found infrequent allelic
loss of chromosome 11q (25%) but frequent allelic loss of chromosomes 16q (38%)
and 18q (56%) in GCC, which is similar to ileal carcinoids (14%, 29%, and 86%).
No mutations were shown in K-ras, DPC-4 (Smad4), or b-catenin genes, which are
usually present in colonic adenocarcinoma. They show negative staining for nuclear
b-catenin and for p53. Ramnani and colleagues82 also similarly reported the lack of
mutation of K-ras in GCC; however, p53 mutations in 25% of GCCs and 44% of clas-
sical appendiceal carcinoids suggest that this is a possible pathway for molecular
pathogenesis of GCCs. Dimmler and colleagues83 reported that EGFR, BRAF-
mutations, and MSI are absent in GCC of the appendix. Modlin and colleagues84

showed elevated expression of CgA, NAPIL1, MAGE-D2, and MTA1, along with
decreased expression of NALP1 in GCC, compared with normal mucosa, and similar
to malignant or small intestinal carcinoid.85 A recent study from Jesinghaus and col-
leagues86 revealed that mutations in colorectal cancer–related genes (eg, TP53,
KRAS, APC) were rare to absent in GCC and adenocarcinomas ex-goblet cell carci-
noid, but frequent in primary colorectal–type adenocarcinomas of the appendix. Mu-
tations in Wnt-signaling-associated genes (USP9X, NOTCH1, CTNNA1, CTNNB1,
TRRAP) were also present in GCC, which may act as potential drivers of these
neoplasms.86 These data suggest that appendiceal GCC and adenocarcinomas ex-
goblet cell carcinoid are genetically distinct from primary colorectal-type
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adenocarcinoma of the appendix and its colorectal counterparts. Further molecular
studies are warranted to understand their molecular mechanisms.87

Precursor Lesions (Conventional Adenoma, SSA/P, TSA, HP)

Appendiceal cancers can develop through the serrated pathway of carcinogenesis,
indicating that serrated lesions are neoplastic. A large study of serrated polyps from
Yantiss and coworkers88 in 2007 demonstrated that MSI is extremely rare even though
the MLH1 and MGMT expressions were reduced. KRAS mutations were present,
especially in dysplastic polyps. BRAF mutations were also present but they were
less common in dysplastic serrated polyps and in invasive carcinomas arising in
serrated polyps suggesting that the biologic potential of BRAF in the appendix is
limited. No abnormal nuclear localization of b-catenin in serrated lesions of the appen-
dix is identified so far.89 Pai and colleagues90 have demonstrated that serrated lesions
of the appendix frequently harbor KRAS mutations but not BRAF mutations. They
identified KRAS mutations in 52% of the appendiceal serrated lesions, and BRAF
V600Emutations in only 4% of the patients, indicating that serrated pathway in the ap-
pendix is likely different than in the colon and rectum (Table 1).
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INTRODUCTION

Esophageal carcinoma (EC) is the most rapidly increasing tumor in incidence in the
United States. It has an established association with a precursor lesion (Barrett esoph-
agus). Gastric carcinoma (GC) is the second leading cause of cancer death in the world.
Most genetic alterations reported in esophageal carcinoma do not show significant
differences compared with GC.
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KEY POINTS

� Esophageal cancer (EC) is rapidly increasing in incidence in the United States. Genetic
changes associated with the development of EC involve the p16, p53, and APC genes.
Human epidermal growth factor 2 (HER-2) overexpression is seen in gastroesophageal
junction carcinoma and a subset, gastric carcinoma (GC).

� Trastuzumab is the first Food and Drug Administration–approved target agent for treat-
ment of patients with HER-2 amplified cancers.

� Up to 50% cases of GC are related to Helicobacter pylori infection and up to 16% are
related to Epstein-Barr virus infection.

� Microsatellite instability (MSI) is observed in up to 39% of GC. American Joint Committee
on Cancer AJCC Cancer Staging Manual recommends MSI testing on GC.

� Other genetic changes seen in GC include chromosome gains and losses, MSI, changes
in expression of vascular endothelial growth factor expression, cyclin E, retinoblastoma,
p53, and protection of telomeres 1.
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Up to half of the cases of GC are related to Helicobacter pylori infection.1–5

The prognosis for patients with advanced stage GC and EC is poor. Human
epidermal growth factor 2 (HER-2) overexpression is seen in gastroesophageal
junction (GEJ) carcinoma and a subset of GC. HER-2 overexpressing tumors are
eligible for HER-2–targeted therapies, which leads to a better survival in these
patients.

EPIDEMIOLOGY

EC is the sixth leading cause of cancer death worldwide.6 Two subtypes of EC, squa-
mous cell carcinoma and adenocarcinoma (ADC), differ in the incidence and distribu-
tion of disease.6 Squamous cell EC is more prevalent in the Asia-Pacific region,
whereas ADC is more common in the Western world. EC is common in men more
than 50 years of age, with a strong prevalence in whites.
Squamous cell EC is related to smoking and alcohol, whereas Barrett esophagus,

caused by gastroesophageal reflux disease, is the risk factor for ADC.7 The tumors
evolve through a pathway frommetaplasia (Barrett esophagus) to dysplasia and finally
to cancer.7

The incidence of GC is the highest in Eastern Asia, Eastern Europe, and South
America.8 Distal stomach tumors are more common in Asia and tend to have a favor-
able outcome with surgery9 compared with gastric cardia tumors, which are more
common in US patients.8

Diffuse GC has a hereditary form and results from cadherin 1 or E-cadherin (CDH1)
deregulation, whereas occurrence of intestinal type is associated with environmental
factors, such as obesity, dietary factors, and cigarette smoking as well as with infec-
tion by H pylori.

CLINICAL FEATURES

EC presents with obstructive symptoms, including dysphagia and odynophagia.
Weight loss is also common. Most patients with GC are asymptomatic. Epigastric
pain and dyspepsia are the most frequent symptoms. Most tumors are located on
the lesser curvature and are 2 cm to 5 cm in size. Multiple tumors are associated
with a worse prognosis.10

PATHOPHYSIOLOGY AND MOLECULAR GENETICS

The evolution of ADC of the esophagus involves earlier losses of the p16 and p53
genes and later losses of the APC gene.11 Aneuploidy occurs early and can be found
before cancer occurs.
Amultistep process has been proposed for GC starting with chronic gastritis to atro-

phic gastritis, intestinal metaplasia, and dysplasia before resulting in intestinal-type
GC.12 Premalignant counterparts are not seen in diffuse-type cancers.

Helicobacter pylori

H pylori is implicated with atrophic gastritis, intestinal metaplasia, and dysplasia lead-
ing to intestinal-type GC.13,14 A positive association is demonstrated in regions where
high-risk CagA (1) H pylori strains are endemic.15 Bacterial virulence factors contrib-
uting to GC risk include vacA, babA2, OipA, and CagA.16 Single-nucleotide polymor-
phisms in interleukin (IL)-1b and endogenous receptor antagonists (IL-1RN) are
associated with increased susceptibility to H pylori–induced GC.17,18
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EPSTEIN-BARR VIRUS

EBV has been demonstrated in 2% to 16% of conventional gastric ADC. EBV-positive
GC has a tendency to show CpG island methylator phenotype of cancer-related genes
(CIMP) but does not show MSI-H phenotype or HMLH1 hypermethylation.19 Morpho-
logically, EBV-positive GC has characteristic abundant lymphoid stroma. Recent
studies have supported the relationship between the presence of EBV and aberrant
immune checkpoint protein expression, as demonstrated by high PD-L1 protein
expression in EBV-positive GC.20,21 Although EBV and MSI are mutually exclusive in
GC, microsatellite unstable GC also shows lymphocyte-rich histology.22 To determine
the EBV status of GC patients, EBV can be detected in newly diagnosed GC patients
by EBER in situ hybridization (ISH) (gold standard for EBV detection and localization of
latent EBV in tissue samples) on paraffin sections from biopsy, surgical excision, or
cytology specimens. Nonspecific positivity in cytoplasm of scattered normal epithelial
cells and scattered EBER-positive memory B cells must be taken into consideration
when interpreting EBER ISH results.

Chromosomal Instability

Intestinal-type GC shows copy number gains at 8q, 17q, and 20q and losses at 3p and
5q.23,24 Diffuse-type GC show copy number gains at 12q and 13q and losses at 4q,
15q, 16q, and 17p.25–27

Microsatellite Instability

MSI is observed in 8% to 39% of GC.28–33 Most studies have shown that MSI is asso-
ciated with less aggressive behavior and favorable survival, whereas other studies
have indicated no prognostic impact.34

Microsatellite unstable GC is associated with older age, female gender, expanding
growth pattern, antral location, intestinal-type histology, and a lower incidence of
lymph node metastasis. Hypermethylation of MLH1 promotor is associated with the
development of sporadic GC with MSI35,36 and is detected in 20% to 30% of nondif-
fuse, distal GC. The new AJCC Cancer Staging Manual recommends MSI testing on
GC.37

Vascular Endothelial Growth Factor

In GC, vascular endothelial growth factor (VEGF) expression is associated with
advanced stage and poor survival.38 Plasma VEGF-A and tumor neuropilin-1 are
strong biomarker candidates for predicting clinical outcome in patients with advanced
GC treated with VEGF inhibitor, bevacizumab.39

Human Epidermal Growth Factor 2

HER-2 has been shown to be overexpressed/amplified in 6% to 35% of gastric tu-
mors.39–43 This overexpression/amplification is associated with GEJ tumors more
than with GC44; 20% of intestinal-type cancers have HER-2 overexpression/amplifica-
tion compared with 5% of diffuse-type cancers. In the ToGA study, the addition of
trastuzumab, a monoclonal antibody targeting HER-2, to palliative chemotherapy
led to an overall survival benefit specifically in patients with HER-2 overexpression
or amplification.45 Trastuzumab-based combination therapy is now the standard
treatment of patients with HER-2 amplified GC. HER-2 immunohistochemistry (IHC)
should be performed on in all inoperable locally advanced GC and GEJ cancer at initial
diagnosis as well as recurrent and metastatic setting. If the HER-2 IHC results are
equivocal, HER-2 testing by fluorescence ISU (FISH) or ISH Is recommended.
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Additionally HER-2 testing should be performed at relapse in patients with previously
HER-2–negative tumors.

Human Epidermal Growth Factor 2 Testing

To date, HER-2 is the only validated therapeutic target in GC. The guidelines for HER2
testing of gastric or GEJ tumors were established by the ToGA trial.

Immunohistochemistry and Fluorescence In Situ Hybridization

HER2 expression may be assessed by IHC, with scoring ranging from 0 to 3, or by
gene amplification using FISH or silver ISU (SISH). The survival benefit associated
with trastuzumab is seen greatest in IHC 3 or IHC 2 and FISH-positive patients with
high HER-2–expressing tumors.
Because of the heterogeneous nature of HER-2 overexpression/amplification in GC,

and because gastric tumor cells may only show HER-2 staining at the basolateral or
lateral membrane regions, complete membranous staining is not a prerequisite for
IHC 2 or IHC 3 scores in GC as it is for breast cancer.46

A 10% cutoff of positive cells is defined for assessment of both breast cancer and
gastric cancer. Small biopsy specimens or tumor cell clusters, however, are assessed
regardless of the percentage of the cells staining.46

ISU in cancer tissue samples is considered the gold standard for gene amplification.
SISH is preferred because of the ability to use bright field microscopy, considering
HER-2 tumor heterogeneity. SISH slides can be stored for a longer period of time
without bleaching than FISH slides. ISU results are generally not acceptable if 20 inva-
sive tumor cells are not found, greater than 25% of signals are not scorable (due to
weak signal), greater than 10% of signals occur over cytoplasm, nuclear resolution
is poor, auto-fluorescence is strong, or controls are not expected. For GC or GEJ can-
cers, the presence of more than 4 copies of the HER-2 gene per tumor cell (if no chro-
mosome 17 control is used) is not a positive result, a difference from breast cancer
guidelines.46

Other Abnormalities

CDH1 is involved in the initiation and progression of both sporadic and hereditary
forms of GC.47,48 Serum-soluble CDH1 is a prognostic marker for GC, and a high con-
centration predicts extensive tumor invasion.49 Cyclin E gene is amplified in 15% to
20% of GC and this overexpression of cyclin E correlates with the aggressiveness
of the cancer. Reduced p27 expression is a negative prognostic factor for patients
with a cyclin E–positive tumor.50 Reduced expression of retinoblastoma is associated
with worse overall survival.33 Abnormal expression of p53 significantly affects cumu-
lative survival and p53 status may also influence response to chemotherapy.51,52 Pro-
tection of telomeres 1 expression levels are significantly higher in GC of advanced
stage.

Next-generation sequencing
Based on genomic sequencing data, The Cancer Genome Atlas (TCGA) research
network has divided GC into hypermutated and nonhypermutated tumor. The nonhy-
permutated tumor includes genomically stable and unstable subtypes. The hypermu-
tated tumor includes EBV-positive and MSI-H subtypes and has frequent mutations in
the PIK3CA and ARID1A genetic pathways. TCGA data have highlighted genetic mu-
tations relevant to GC. Multigene panels should be able to identify clinically significant
genetic aberrations for targeted therapy, treatment response and prognostication.
Such panels are undergoing laboratory validation for clinical practice.
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TREATMENT

The treatment of EC is esophagectomy, which carries a high morbidity.6 Surgical
resection is the mainstay of treatment of early-stage GC. The prognosis for patients
with advanced stage GC and GEJ cancers is poor despite new treatment strate-
gies.53,54 HER-2–overexpressing tumors are eligible for HER-2–targeted therapies,
including monoclonal antibodies (ie, trastuzumab) or tyrosine kinase inhibitors (lapati-
nib).46 Trastuzumab-based combination therapy is now the standard treatment of pa-
tients with HER-2 amplified GC.36

MORPHOLOGY

Two main histologic subtypes of EC include squamous cell carcinoma and ADC. Ac-
cording to the World Health Organization and the Laurén classifications, 2 main his-
tologic types of GC include the diffuse and intestinal subtypes.55–57 Readers are
referred to gastrointestinal pathology literature for further reading.10,58

Circulating Tumor Cells and Cell Free Nucleic Acid Analysis

Although solid tissue–based analysis has been the mainstay of esophageal and gastric
cancer diagnosis, analysis of fluid samples via interrogation of circulating micro-RNA,
circulating tumor cells (CTCs), and cell-free DNA in fluids, including serum, plasma,
urine, and spinal fluid, has proved beneficial for diagnosis and prognosis of these
disease states.59,60 To this end, micro-RNA, including miR-21, miR-25, miR-92, and
miR-223, were found up-regulated whereas miR-195 and miR-326 and miR-148a
have been found down-regulated in gastric cancer cells and could be associated
with disease prognosis.61–64 Various genetic alterations, such as copy number, chro-
mosomal instability, and mutations, have been detected in circulating tumor DNA,
including TP53, SMAD4, and PIK3CA, which have been detected in gastroesophageal
carcinoma.65 CTCs have also been shown as potentially useful prognostic indicators
in EC where CTCs obtained from peripheral blood increased as the disease stage
advanced (88.0% in stages III–IV, 58.9% in stages I–II). CTC counts were also corre-
lated with the degree of tumor differentiation, tumor infiltration, and lymph node and
distant metastases.66 Cell-freeDNA analysis of 5-hydroxymethylcytosine has also
been reported to be useful for the detection of gastric cancer and showed a trend
of increasing cancer call rate with cancer clinical stage.67 Further studies will help
elucidate the ideal application of circulating nucleic acid utilization in gastrointestinal
cancers.
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60. Nordgård O, Tjensvoll K, Gilje B, et al. Circulating tumour cells and DNA as liquid
biopsies in gastrointestinal cancer. Br J Surg 2018;105:e110–20.

61. Shrestha S, Hsu S, Huang W, et al. A systematic review of microRNA expression
profiling studies in human gastric cancer. Cancer Med 2014;3(4):878–88.

Zulfiqar et al364

http://refhub.elsevier.com/S0272-2712(18)30009-X/sref43
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref43
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref43
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref43
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref44
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref44
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref45
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref45
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref45
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref45
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref45
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref46
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref46
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref47
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref47
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref47
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref48
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref48
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref49
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref49
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref50
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref50
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref51
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref51
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref51
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref52
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref52
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref52
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref53
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref53
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref53
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref54
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref54
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref54
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref55
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref55
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref56
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref56
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref56
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref57
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref57
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref58
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref58
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref58
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref59
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref59
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref59
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref60
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref60
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref61
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref61


62. Ye R, Wei B, Li S, et al. Expression of miR-195 is associated with chemotherapy
sensitivity of cisplatin and clinical prognosis in gastric cancer. Oncotarget 2017;
8(57):97260–72.

63. Li Y, Gao Y, Xu Y, et al. Down-regulation of miR-326 is associated with poor prog-
nosis and promotes growth and metastasis by targeting FSCN1 in gastric cancer.
Growth Factors 2015;33(4):267–74.

64. Xia J, Guo X, Yan J, et al. The role of miR-148a in gastric cancer. J Cancer Res
Clin Oncol 2014;140(9):1451–6.

65. Openshaw M, Richards C, Guttery D, et al. The genetics of gastroesophageal
adenocarcinoma and the use of circulating cell free DNA for disease detection
and monitoring. Expert Rev Mol Diagn 2017;17(5):459–70.

66. Qiao Y, Li J, Shi C, et al. Prognostic value of circulating tumor cells in the periph-
eral blood of patients with esophageal squamous cell carcinoma. Onco Targets
Ther 2017;10:1363–73.

67. Li W, Zhang X, Lu X, et al. 5-Hydroxymethylcytosine signatures in circulating cell-
free DNA as diagnostic biomarkers for human cancers. Cell Res 2017;27:
1243–57.

Esophageal and Gastric Neoplasms 365

http://refhub.elsevier.com/S0272-2712(18)30009-X/sref62
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref62
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref62
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref63
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref63
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref63
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref64
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref64
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref65
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref65
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref65
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref66
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref66
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref66
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref67
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref67
http://refhub.elsevier.com/S0272-2712(18)30009-X/sref67


Molecular Diagnostics in the
Neoplasms of the Pancreas,
Liver, Gallbladder, and
Extrahepatic Bil iary Tract
2018 Update

Lei Zhang, MD, PhDa, Martin H. Bluth, MD, PhDb,c,
Amarpreet Bhalla, MBBS, MDd,*

Disclosure: The authors have nothing to disclose.
This article has been updated from a version previously published in Clinics in Laboratory Med-
icine, Volume 33, Issue 4, December 2013.
a Department of Pathology and Anatomical Sciences, Jacobs School of Medicine and Biomed-
ical Sciences, University at Buffalo, Buffalo General Hospital, 100 High Street, Buffalo, NY
14203, USA; b Department of Pathology, Wayne State University School of Medicine, 540
East Canfield Street, Detroit, MI 48201, USA; c Pathology Laboratories, Michigan Surgical Hos-
pital, 21230 Dequindre Road, Warren, MI 48091, USA; d Department of Pathology and
Anatomical Sciences, Jacobs School of Medicine and Biomedical Sciences, University at Buf-
falo-SUNY, Buffalo General Hospital A-701, 100 High Street, Buffalo, NY 14203, USA
* Corresponding author.
E-mail address: ABhalla@KaleidaHealth.org

KEYWORDS

� Pancreatic neoplasms � Liver � Hepatic adenoma � Hepatocellular carcinoma
� Cholangiocarcinoma � Molecular diagnostics � Cell free nucleic acid

KEY POINTS

� Pancreatic neoplasms, includingductal adenocarcinoma, solidpseudopapillary neoplasm,
pancreatic endocrine neoplasms, acinar cell carcinoma, and pancreatoblastoma, are
associated with different genetic abnormalities.

� Hepatic adenomas with b-catenin exon 3 mutation are associated with a high risk of
malignancy.

� Hepatic adenoma with arginosuccinate synthetase 1 expression or sonic hedgehog mu-
tations are associated with a risk of bleeding.

� Hepatocellular carcinoma and cholangiocarcinoma display heterogeneity at both
morphologic and molecular levels.

� Cholangiocellular carcinoma is most commonly associated with IDH 1/2 mutations.
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PANCREATIC NEOPLASMS
Epidemiology

Pancreatic cancer has become the fourth leading cause of cancer related death in
both men and women in the United States.1 There will be an estimated 55,440 new
cases, and 44,330 affected individuals are expected to die from the disease in
2018.1 As the incidence of pancreatic cancer gradually increases, little progress has
been made in the early detection and effective treatment of pancreatic cancer.
Most patients are diagnosed at an advanced stage. The prognosis remains poor
with a 5-year relative survival rate of only 6% to 8%. More than 90% of patients die
within 1 year.2 It has been projected that pancreatic cancers will be second leading
causes of cancer deaths by 2030.2 Although a variety of risk factors have been consis-
tently related to pancreatic cancer, including chronic pancreatitis, diabetes mellitus,
physical inactivity, obesity, smoking, alcohol abuse, high intake of saturated fat and
sugar, aspirin use, and occupational exposure to pesticides,3,4 an increased incidence
has been observed in patients with certain hereditary syndromes such as Peutz-
Jeghers syndrome, Lynch syndrome, familial breast cancer, hereditary pancreatitis,
familial atypical mole malignant melanoma, familial pancreatic cancer, Li–Fraumeni
syndrome, and familial adenomatous polyposis.5–7

Clinical Features

The pancreatic neoplasms are classified by differentiation of the neoplastic cells as
ductal, acinar, or neuroendocrine, and by the macroscopic appearance as solid or
cystic lesions. Pancreatic ductal adenocarcinoma is the most common type and com-
prises around 90% of all pancreatic neoplasms. Other pancreatic neoplasms such as
pancreatic neuroendocrine neoplasms, solid pseudopapillary neoplasm, acinar cell
carcinoma (ACC), and pancreatoblastoma comprise about 5% to 10% of pancreatic
malignant tumors.8 At their early stage, pancreatic cancers usually do not cause any
signs or symptoms. However, by the time patients are symptomatic, the tumors may
often have already metastasized. Common signs and symptoms include anorexia,
malaise, nausea, fatigue, jaundice, and midepigastric or back pain. Significant weight
loss is a characteristic feature of pancreatic cancer. Malabsorption with diarrhea and
malodorous, greasy, or pale colored stools may also be present.8

Pathophysiology and Molecular Genetics

Ductal adenocarcinoma
Currently, 3 neoplasms—pancreatic intraepithelial neoplasia, intraductal papillary
mucinous neoplasms (IPMNs), and mucinous cystic neoplasms, have been recog-
nized as precursor lesions for invasive ductal adenocarcinoma. Several recent
large-scale sequencing studies have identified multiple combinations of genetic mu-
tations that are commonly found in pancreatic ductal adenocarcinomas as well as
in these precursor lesions.9–12 The most common genetic changes in ductal adeno-
carcinoma include KRAS codon 12 mutations seen in 90%, p16/CDKN2A inactivation
in approximately 95%, loss of Smad4/DPC4 in 55%, and TP53 mutations seen in 50%
of cases.11–15 Genetic alterations seen in pancreatic intraepithelial neoplasia are
KRAS at early stages, p16/CDKN2A inactivation during the middle stages, and
Smad4/DPC4 and p53 during later stages.16–18 The prevalence of these mutations in-
creases with increasing degrees of dysplasia in the noninvasive precursor lesions.
IPMNs showmolecular alterations similar to that of ductal adenocarcinoma; mutations
in KRAS and TP53 are not as frequent as they are in ductal adenocarcinoma.19 Loss of
Smad4/DPC4 within IPMN was the best marker for the presence of invasive carci-
noma. Smad4/DPC4 mutations are rarely seen in IPMNs compared with ductal
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adenocarcinoma.18,20,21 In addition, somatic GNAS oncogene mutations (codon 201)
are seen in 58% to 60% of IPMNs.22 Somatic RNF43mutations are also seen in IPMN
andmucinous cystic neoplasms.23,24 Loss of heterozygosity (LOH) of numerous tumor
suppressor genes in pancreatic cyst fluid is used to diagnose pancreatic malignancy
with a 83% sensitivity and 100% specificity for all malignant cysts and 83.3% sensi-
tivity and 90.6% specificity for IPMN.22,25–27 DNA mismatch repair genes are mutated
in 2% to 3% of pancreatic cancers.28–30 Pancreatic cancers with high levels of micro-
satellite instability seem to have a better prognosis than standard ductal
adenocarcinomas.31

Pancreatic neuroendocrine neoplasms
Pancreatic neuroendocrine neoplasms are epithelial tumors with endocrine differenti-
ation that are currently classified into well-differentiated neuroendocrine tumors
(PanNETs; World Health Organization grades 1 and 2), and poorly differentiated
neuroendocrine carcinoma (PanNECs; World Health Organization grade 3) based on
mitotic count and Ki67 index.3 Pancreatic neuroendocrine neoplasms are mostly spo-
radic (90%), but may be associated with hereditary syndromes including most
frequently with multiple endocrine neoplasia type 1 and, more rarely, with von
Hippel-Lindau (VHL) syndrome, neurofibromatosis type 1, and tuberous sclerosis
complex (TSC).3,32,33 In patients with sporadic PanNETs, 45% show DAXX and
ATRX gene mutations, 15% show alterations in the mammalian target of rapamycin
(mTOR) pathway, which involves somatic mutations in PIK3CA, PTEN, and TSC2,
45% show somaticMEN1 mutations or LOH at the MEN1 locus, and 25% show dele-
tion of the VHL gene.34–37 In patients with germline mutations, 65% of patients with
multiple endocrine neoplasia type 1 syndrome develop PanNETs,38–40 and 17% of pa-
tients with VHL syndrome develop PanNETs.40,41 PanNETs lack KRAS, p16/CDKN2A,
or SMAD4 mutations, and only rarely show TP53 mutation or microsatellite insta-
bility.42 Chromosomal gains and losses have also been identified in PanNETs, and
when frequent are associated with worse prognosis.43,44 As for PanNECs, more
than 95% of cases are associated with TP53 mutations, and more than 50% of cases
show retinoblastoma (RB-1) gene mutations. Rb-1 mutation seems to be mutually
exclusive with p16/CDKN2A inactivation in PanNECs.34,35,37

Acinar Cell Carcinoma

ACC of the pancreas is a rare tumor of acinar differentiation that is often seen in older
adults. Unlike other pancreatic cancers, ACC lacks KRAS, SMAD4, and p16 alter-
ations,45 and bears distinct genetic mutations with APC, TP53 alterations, SND1-
BRAF fusions, or allelic loss on chromosome 11p.28,46–48 Interestingly, the presence
of RAF rearrangements in ACC is mutually exclusive with inactivation of DNA repair
genes; ACCs without RAF fusion were significantly enriched for genomic alterations
and have been associated with sensitivity to platinum-based therapies and PARP
inhibitors.28

Solid Pseudopapillary Neoplasms

The most frequent genetic alterations seen in SPN is the activating somatic mutations
of b-catenin gene (CTNNB1).49,50 CTNNB1 alterations lead to aberrant E-cadherin
overexpression, resulting in the characteristic and diagnostic pseudopapillary growth
pattern of discohesive tumor cells.51 Solid pseudopapillary neoplasms show nuclear
accumulation of b-catenin in 95%, activating b-catenin mutation in 90%, cyclin D1
in 74%, and overexpression of p53 in 15.8% of cases.49,50,52
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Pancreatoblastoma

Pancreatoblastoma is an extremely rare childhood primary pancreatic neoplasm that
often shows acinar, ductal, and/or neuroendocrine differentiation. The most common
molecular alteration of pancreatoblastoma is allelic loss of chromosome 11p.53,54 So-
matic alterations of CTNNB1 and APC are less common, but have also been re-
ported.53 The major genetic alterations of these pancreatic tumors are summarized
in Table 1.

INTRADUCTAL PAPILLARY MUCINOUS NEOPLASMS

KRAS and GNAS mutations together possess high specificity and sensitivity for
mucinous differentiation. Otherwise, KRAS mutation is more prevalent in invasive
IPMN. The malignant transformation is a multistep carcinogenesis involving numerous
other genes inclusive of CDKN2A/p16, p53, reprimo, and SMAD4. IPMN with high-
grade dysplasia is associated with CDKN2A abnormalities, p53 mutations, and aber-
rant methylation patterns. Plectin-1 is also a marker for high-grade dysplasia and
adenocarcinoma in IPMN. The strongest association with malignant progression of
IPMN involves hTERT, Shh, and MUC1 genes. MiR-21, MiR-155, and miR-708 are
also involved.55–58

Treatment

For advancedpancreatic ductal adenocarcinoma, surgical resectionwith gemcitabine-
based chemotherapy is the mainstay of systemic treatment with a modest therapeutic
benefit.59,60 Recent studies showed that FOLFIRINOX and gemcitabine plus albumin-
bound paclitaxel (nab-paclitaxel), have become the standard of care for metastatic
pancreatic cancer with improved overall and progression-free survival compared
with gemcitabine alone.61,62 Single agent immunotherapy with anti–CTLA-4 or anti–
PD-1/anti–PD-1 pathway (anti–PD-L1) were largely ineffective in pancreatic
cancer.63–65 Ipilimumab failed to induce tumor response in patients with advanced
pancreatic cancer in a phase II study.64 Another anti–PD-L1 monoclonal antibody
(BMS-936559) failed to show any activity in a phase I study.63 Multiple clinical trials
combining immunotherapy with other chemotherapy or radiation modalities are
currently ongoing and the outcomesof these trials are keenly anticipated.66 For pancre-
atic endocrine neoplasms, ACC, SPN, and pancreatoblastoma, surgical resection is
still themainstay to resolve themasseffect andother associated symptomswith neces-
sary follow-ups.

Table 1
Pancreatic neoplasms with their key genetic alterations

Major Genetic Alterations

Pancreatic ductal adenocarcinoma KRAS, CDNK2A, GNAS, RNF43, SMAD4, TP53,

Pancreatic neuroendocrine tumor/carcinoma MEN1, ATRX, DAXX, TSC2, PTEN, Rb, TP53,
VHL

Solid pseudopapillary neoplasm CTNNB1

Acinar cell carcinoma TP53, APC, SND1-BRAF, allelic loss on
chromosome 11p

Pancreatoblastoma Loss of chromosome 11p, CTNNB1, APC

Data from Refs.67–70
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Summary
Recent large-scale profiling of pancreatic neoplasms has not only provided insight into
the carcinogenesis of pancreatic tumors, but has also unraveledmany clinically relevant
somatic mutations, potential actionable drug targets, novel noncoding alterations, and
moremutational signatures. The genetic alterations identified in these studies are begin-
ning to be integrated into early tumor detection, diagnosis, classification, treatment, and
patient prognosis. However, their diagnostic and prognostic usefulness are still in the
early developing stage and additional prospective validation studies are needed before
any molecular screening test can be recommended for routine clinical practice.

LIVER NEOPLASMS
Hepatic Adenoma

Epidemiology
Hepatic adenomas (HCAs) arise in women of childbearing age, with long-term contra-
ceptive use as a risk factor.

Pathophysiology and molecular genetics
HCAs are monoclonal tumors with several recurrent mutations. They are divided into 6
groups according to molecular genetic abnormalities (Fig. 1, Table 2). The significant
characteristics for each group are described.

Group 1 (H-HCA): Hepatocyte nuclear factor 1 alpha mutations, either somatic or
germline steatosis; There is strong association with younger age at presentation,
history of diabetes and familial adenomatous polyposis. The tumors reveal loss of
expression of liver fatty acid binding protein. These neoplasms have significant
steatosis and may be classified on radiologic imaging.

Group 2 (b-HCA): b-Catenin (CTNNB1) mutations in exon 3. It is more common in
men and patients with vascular liver disease. There is strong homogenous
expression of glutamine synthetase, leucine rich repeat containing G-protein
coupled receptor-5 (LGR5) and nuclear expression of b-catenin. The tumors
often reveal mild cytologic abnormalities, pseudogland formation, and chole-
stasis. They are relatively larger and associated with low exposure to estrogen.
They are more frequently associated with the development of hepatocellular
carcinoma (HCC).

Fig. 1. Subtypes of hepatic adenoma. (Data from Refs.67–70)
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Group 3 (b-HCA): b-Catenin (CTNNB1) mutations; exons 7 and 8 harbor mutations in
CTNNB1 gene in the respective exons. There is weak activation of b-catenin,
glutamine synthetase, and leucine-rich repeat containing G-protein coupled
receptor-5 (LGR5).

Group 4 (I-HCA): Inflammatory type is associated with activation of JAK/STAT
pathway, and neoplasms may also harbor b-catenin mutations. High exposure
to estrogen and obesity are major risk factors. There is clinical association with
inflammatory syndrome, anaemia and fever. They are often misdiagnosed as
focal nodular hyperplasia.

Group 5 (sh-HCA): Sonic hedgehog type is characterized by activation of sonic
hedgehog signaling. Obesity and estrogen exposure are major risk factors.
They are associated with a higher risk of bleeding.

Group 6 (unclassified HCA): Cases that do not fit into groups 1 through 5.

In addition, adenomas of the unclassified and inflammatory types (groups 4 and 6)
may reveal immunohistochemical expression of arginosuccinate synthetase 1 and
arginosuccinate lyase. These tumors are associated with a higher risk of bleeding.67–70

Focal nodular hyperplasia
The polyclonal nature of focal nodular hyperplasia has been described using the hu-
man androgen receptor test. However, the expression of angiopoietin genes ANGPT1
and ANFPT2 involved in blood vessel maturation is increased. The activation of the
b-catenin pathway at the RNA and protein levels leads to an increased expression
of glutamine synthetase. However, there is no mutation of the CTNNB1 gene and,
therefore, no aberrant b-catenin immunostaining.70

Premalignant and Early Malignant Hepatocellular Lesions

Mutations of telomerase reverse transcriptase (TERT promoter) are considered to be
the earliest genetic change in tumorigenesis. They are found in low- and high-grade
dysplasia, premalignant lesions in cirrhosis, and in HCC. There is a resultant,
increased expression of TERT, which encodes enzymes for telomere elongation and
maintenance, thereby resulting in enhanced cell survival. b-Catenin mutation occurs
relatively early in hepatitis C virus infection. LOH, chromosomal imbalance, and
DNA methylation occur at an earlier stage and at a lower level than in HCC.70

Table 2
Molecular aberrations in hepatic adenomas

Type of Hepatoma Genes Involved Immunohistochemistry

H-HCA HNF1A/mTOR LFABP loss

B-HCA exon 3 b-catenin exon 3 b-catenin/GS, LGR5 111

B-HCA exon 7/8 b-catenin 7/8 b-catenin/GS, LGR5 1

I-HCA JAK-STAT SAA/CRP

Sh-HCA INHBE-GLI1 Not known

Unclassified Not specified LFABP1, SAA/CRP-,GS- b-catenin -

Abbreviations: B-HCA, b-catenin mutated hepatic adenoma; CRP, C-reactive protein; GS, glutamine
synthetase; H-HCA, HNF 1 alpha mutated hepatic adenoma; I-HCA, inflammatory-type hepatic ad-
enoma; INHBE-GLI1, focal deletions fuse promoter of INHBE gene with GLI1 gene; LFABP, liver fatty
acid binding protein; LGR5, leucine rich repeat containing G protein coupled receptor 5; mTOR,
mammalian target of rapamycin; SAA, serum amyloid A; Sh, sonic hedgehog pathway.

Data from Refs.67–70
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Hepatocellular Carcinoma

Epidemiology
HCC usually develops in the setting of chronic liver disease, particularly in patients
with chronic hepatitis B and C virus infection.4

Pathophysiology and molecular genetics
HCC is heterogenous and variable at morphologic, genetic, and molecular levels, and
defies sole reliability on molecular findings for precise classification. The current
approach of staging, grading, and morphologic subtyping provides reliable informa-
tion required by various management guidelines. Two major mutually exclusive sub-
types of HCC are classified by CTNNB1 and p53 mutations. Tumors with CTNNB1
mutations are associated with nuclear b-catenin staining, high glutamate synthetase
expression, and downregulation of the interleukin (IL)-6/JAK-STAT pathway. They
are larger well-differentiated tumors with microtrabecular and pseudoglandular archi-
tecture. The tumors are cholestatic and are not associated with significant inflamma-
tory infiltrate. Tumors with p53 mutations are associated with activation of the PI3K/
AKT pathway. They are poorly differentiated, highly proliferative, massive tumors
with macrotrabecular architecture, and pleomorphic histology, often with sarcoma-
tous andmultinucleated components. They have a high propensity for both macrovas-
cular and microvascular invasion. In addition, somatic mutations involving TERT are
frequent genetic alterations in dysplastic nodules and HCC.71,72

The molecular findings in various subtypes of HCC are described.

Scirrhous HCC: TSC1 and TSC2 genes are involved, along with pathway for epithelial
to mesenchymal transition (transforming growth factor-b, VIM) and PI3/AKT
pathway activation. There is upregulation of cancer stem cell genes (CD24,
KRT19, Thy1, CD133). CK19 expression is enhanced. There is a lack of CTNNB1
activation.

Steatohepatitic HCC: There is IL-6/JAK-STAT involvement along with immunohisto-
chemical expression of C-reactive protein. Also, it is characterized by lack of
Wnt/ b-catenin pathway activation.

Macrotrabecular massive variant of HCC: There are Tp53 mutations, FGF19 amplifica-
tions, ATM mutations, angiogenesis activation consisting of upregulation of
ANGPT2, and vascular endothelial growth factor A expression.

Carcinosarcoma: There is Tp53 involvement in both carcinoma and sarcoma part,
PIK3CA involvement in HCC, and FGFR3 involvement in sarcoma.

Fibrolamellar HCC: There is activation of protein kinase A resulting from microdeletion
on Chr 19. It leads to fusion between the DNAJB1 gene and the PRKACA gene.

Chromophobe HCC: It is associated with alternative lengthening of telomeres, where
tumor cells maintain telomeres by a telomere-independent mechanism that involves
homologous recombination of telomeres.

HCC–cholangiocarcinoma (CCA): Wnt/b -catenin and transforming growth factor- b
signaling are reported to be significantly activated in mixed HCC–CCA when
compared with progenitor-like HCC. It shares higher frequency of TERT promoter
mutations and lower frequency of KRAS and IDH 1/2 mutations with HCC. High level
amplifications of 11q13 harboring oncogenes CCND1 and FGF19 have been re-
ported. CXCL12-CXCR4 pathway for chemoattraction of myeloid and lymphoid
cells is upregulated. Pathways enriched in intrahepatic CCA component-
associated aberrations include promitotic DNA replication related signaling, prolif-
erative signals MYC and mTOR, proinflammatory pathway interferon-g and down-
stream IL2/STAT5.
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HCC with stem cell features: Stem cell subclass is associated with MYC, mTOR, and
NOTCH signaling pathway. Other upregulated pathway includes insulin-like growth
factor 2 and genes implicated in liver progenitor cells (PROX1, HNF-1b, FOXA1,
FOXA3).71–73

Role of PD-L1 in immunotherapy of hepatocellular carcinoma
PD-L1 tumoral expression is observed in 16% of HCC in accordance with recent re-
ports. Accurate scoring of PD-L1 protein expression is complex owing to technical
and biological pitfalls. Also, objective responses to immune check point inhibitors in
clinical trials are not related to PD-L1 expression on tumor cells. The identification
of accurate predictive markers and/or immune classifiers to select ideal candidates
for immunotherapy are still in the pipeline, because multiple cancer pathways interact
to modulate the immune profiles of tumors.74

Role of microRNA in hepatocellular carcinoma
Differential expression of microRNA (miRNA) in HCC have varied significance.
Hepatitis B virus infection in HCC is associated with differential expression of
miR-106a. miR-515, -518a, -3p, -520f, -525 and -3p are selectively overexpressed
in HCC in comparison with cirrhosis. miR-519d and -525-3p are overexpressed in
HCC versus dysplasia. miR-214 is downregulated in HCC versus non-tumor tissue.
The lower expression of miR-21 and -148a is associated with better patient out-
comes, with miR-21 being an independent prognostic factor for the same. Low
levels of expression of miR-3607 and high levels of expression of miR-182, miR-
18a, miR-21, miR-221, and miR-25 are associated with a poor prognosis. Down-
regulation of miR-214 is associated with early recurrence, shorter overall survival,
stem cell-like traits, and cancer cell invasion. A reduction in the expression of miR-
122 and -29a-5p is associated with early tumor recurrence. High expression of
miR-155, -15a, -486-3p, -15b and -30b is associated with shorter recurrence-
free survivals.75,76

Treatment
HCAs are treated with resection. The only curative therapy for HCC is surgical resec-
tion or liver transplantation. For advanced stage disease, survival remains limited.
Newer targeted therapies are being developed with an increasing understanding of
the molecular mechanisms of the disease.

Hepatoblastoma

There are numerous complex genetic alterations in hepatoblastomas, the most com-
mon of which is Wnt/b-catenin signaling among the sporadic tumors. The cell cycle
and check point control perturbations include polo like kinase-1 (PLK1 oncogene),
p16, p27, and p53. Additionally identified mutations include CAPRIN2, and the tumor
suppressors SPOP, OR5l1, and CDC20B. There is alteration in the insulin-like growth
factor 2 regulator PLAG1 as well.77

Cholangiocarcinoma

Epidemiology
CCA is the second most common primary hepatic neoplasm, and its incidence
has increased within the past 3 decades. Worldwide, the average age at presenta-
tion is 50 years, with the highest prevalence seen in Southeast Asia. Although
several risk factors have been identified, including primary sclerosing cholangitis
and chronic biliary tract inflammation, most patients with CCA have no identifiable
risk factors.4
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Clinical features
Cholangiocarcinomas become symptomatic when the tumor obstructs the biliary sys-
tem, causing painless jaundice, pruritus, right upper quadrant abdominal pain, weight
loss, and fever.

Molecular aberrations
The most common alterations in CCA include the epidermal growth factor receptor–
mitogen-activated protein kinase–PI3K pathway. KRAS mutations are also highly
prevalent. BRAF are mutually exclusive with RAS alterations and less frequent.
PIK3CA are more common in ECC (extrahepatic CCA) and gallbladder carcinoma.
HER-2 amplification is most common in gallbladder cancer (Fig. 2).78 The tumors
otherwise are heterogenous and lack stereotype signatures. The distinct stem cell
niches and variable risk factors contribute to the variability and make therapeutic
targeting extremely challenging. Critical epigenetic events and deficient apoptosis
have significant contributory role. IL-6 signaling is one of the major pathways
involved in the proliferation of cells and progression of malignancy. The IL-6 recep-
tor subunit gp130 is overexpressed by the CCA cells. Stimulation by IL-6 upregu-
lates the antiapoptotic proteins bcl-2 and mcl-1, enhances telomerase activity to
evade cell senescence, and activates p44/p42 and p38 MAP kinases. There is sig-
nificant upregulation of p53 and mdm-2, leading to loss of cell cycle control.
Increased expression of the cell cycle modulating proteins p16, p21, and p27 is
associated with aggressive cholangiocarcinomas. Differential expression of p16,
bcl-2, and p53 between intrahepatic and extrahepatic CCA is reported, with p16
and bcl-2 being significantly expressed in intrahepatic tumors, whereas p53 is

Fig. 2. Molecular aberrations in biliary cancer. (From Sohal DPS, Shrotriya S, AbazeedM, et al.
Molecular characteristics of biliary tract cancer. Crit Rev Oncol Hematol 2016;107:113; with
permission.)
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more frequently expressed in extrahepatic tumors. In addition, p16 has significant
prognostic value, regulates the cyclin D1 pathway, and shows a relationship with
lymph node metastasis.78–84

Pathophysiology and molecular genetics of intrahepatic cholangiocarcinoma
The other frequent mutations in intrahepatic CCA include BAP1, ARID1A, and PBRM1
involved in chromatin remodeling. Isocitrate dehydrogenase 1 (IDH1) or IDH2 (IDH1/2)
mutations are significantly higher (10%–23%) in cholangiocellular carcinoma than in
other mass forming or non–mass-forming intrahepatic tumors, extrahepatic or gall-
bladder cholangiocarcinomas. Mutant IDH genes block liver progenitor cells from un-
dergoing hepatocytic differentiation and drive cholangiocytic differentiation through
production of 2-hydroxyglutarate and suppression of HNF 4a. The liver fluke-
associated CCAs are most commonly associated with p53 mutation. Fibroblast
growth factor receptor produce fibroblast growth factor receptor fusion genes in
both intrahepatic CCA and ECC, but are more frequent in intrahepatic CCA (6%–
50%) than ECC (0%–6%). The fusion protein is constitutively activated leading to
downstream signaling through mitogen activated protein kinase and PI3K/mTOR
pathways. Angiogenesis-associated vascular endothelial growth factor expression
is reported in around 30% to 40% of CCA and correlates with increased lymph
node metastasis and poor survival. ROS1 mutations are associated with 8% to 9%,
KRAS with 9% to 47% and BRAF with 0% to 22% tumors.81–83 Downregulation of
b-catenin, seen in high-grade tumors, correlates with reduced immunohistochemical
staining. Decreased p27 is associated with more aggressive tumor behavior and
increased risk of vascular invasion. Downregulation of BCL2 is also associated with
more aggressive tumors.84–88

PD-L1 expression in cholangiocarcinoma
PD-L1 expression is associated with poor differentiation, higher stage, and higher
levels of CD81 T cells.83

Role of microRNA in cholangiocarcinoma
miR-21, -141, -200b, -150 are overexpressed in CCA cells. miRNA-148 and -152 regu-
late DNA methyltransferase expression, result in DNA hypermethylation, and promote
the silencing of tumor suppressor genes. Reduced expression of miR-29b results in
the upregulation of the antiapoptotic protein MCL-1. miRNA-494 induces G1/S transi-
tion through the downregulation of CDK6. miRNA levels can be used to discriminate
patients with CCA from controls. miR-150 is a biomarker with high accuracy. miR-
192 and -21 together have a stronger diagnostic significance. Differentially expressed
miRNA in blood include miR-21, -26a, �122, and �150. A few miRNAs are involved in
epithelial-mesenchymal transition, the key factor in metastases with validated targets.
They include miR-34a (SMAD4), miR-221, -92a, �19a �21 (PTEN), miR-200b, �200c
(ROCK2, ZEB1), miR-204 (Slug), miR-214 (Twist), and miR-29a (HDAC4). A
microvesicle-based panel consisting of miR-191, miR-486-3p, miR-16, and miR-484
was used to evaluate bile for the presence of CCA. Other miRNA differentially
expressed in the bile of patients with CCA versus patients with primary sclerosing
cholangitis include miR-412, -640, �1537, and �3189. Lower miRNA levels in the
serum of patients with CCA versus those with primary sclerosing cholangitis include
miR-1281, -126, �26a, �30b, and �122. miR-21 is increased in patients with CCA
and associated with a more advanced clinical stage. miR-192 is also associated
with advanced disease and poor prognosis. miR-106a is downregulated in intrahe-
patic CCA and associated with advanced disease and a poor prognosis. Resistance
to gemcitabine is associated with miR-21, -200b, �21, Let-7a, �29b, �205, �221,
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�664b, �3651, �6087, and �181c. Resistance to 5-fluoracil is associated with differ-
ential expression of miR-200b and �320. Resistance to TRAIL is associated with the
differential expression of miR-25 and -29b.88–92

Summary
Although the described genetic changes can lead to detectable phenotypic
changes, the diagnostic or prognostic usefulness of these developments is unclear,
and molecular profiling does not yet have an established clinical role in patients with
CCA.

GALLBLADDER AND EXTRAHEPATIC BILIARY TRACT NEOPLASMS
Epidemiology

Gallbladder carcinoma, the most frequent malignancy of the biliary tract, has a female
predominance. The mean age at diagnosis is 72 years. Gallstones and inflammation
are responsible for most biliary tract abnormalities.93

Clinical features
Gallbladder adenomas produce symptoms when they are multiple, large, or detached.
Adenomas of the extrahepatic biliary tract are usually discovered incidentally, or pa-
tients may present with symptoms of obstruction. Advanced stage gallbladder carci-
noma presents with right upper quadrant pain, weight loss, and anorexia, but for early
stage tumors, symptoms at presentation can mimic those of chronic cholecystitis.
Jaundice is not common at presentation.4

Pathophysiology and Molecular Genetics

Adenoma
Alterations in adenomas are distinct from those observed in conventional dysplasia
carcinoma sequence of the gallbladder. b-Catenin mutations are detected in 58%
of adenomas, and are rare in invasive cancer. TP53 mutations are rare in adenomas
but are common in flat dysplasia and invasive carcinoma. KRAS mutations are
detected in approximately 25% of adenomas.93,94

Dysplasia/carcinoma in situ
LOH of 5q is an early change, and LOH of 3p and 9p is related to progression of gall-
bladder carcinoma. LOH of 13q and 18q is likely to be a late event.88 Decreased fragile
histidine triad and LOH occurs at higher frequencies with increasing severity of histo-
logic changes.95

Adenocarcinoma
Data support the hypothesis that adenomas and carcinomas of the gallbladder arise
from distinct molecular pathways. Protein p53 overexpression is detected in approx-
imately 50% of cases, with the highest frequency in distal common bile duct tumors.95

KRAS and DPC4 mutations increase in frequency from low in proximal to high in distal
bile duct tumors, and lower than in pancreatic tumors.96,97 Her-2/neu (c-erB2) ampli-
fication is noted in 70% of biliary cancers with no known correlation with prognosis.79

Epidermal growth factor receptor is found to be a negative predictor of overall survival
in CCA. Human epidermal growth factor receptor 2 (Her-2) is rare in intrahepatic CCA
but may be present in 20% of ECC.83

Data suggest that methylation is a frequent event in cholangiocarcinomas; the
methylation status of the markers mentioned earlier may serve as a prognostic marker.
Overall survival was reported poorer in patients with CpG island methylation of APC,
p16, and TIMP3 than in those without methylation.98,99
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Cell-free nucleic acid analysis Although solid tissue based analysis has been the main-
stay of gastrointestinal cancer diagnosis, interrogation of cell-free DNA in fluids
including serum, plasma, urine, and spinal fluid has proven beneficial for diagnosis
and prognosis of these disease states.100–103 Promoter hypermethylation analysis of
28 genes and TNM tumor staging for pancreatic cancer were assessed and showed
that select genes (SEPT9v2, SST, ALX4, CDKN2B, HIC1, MLH1, NEUROG1, and
BNC1) enabled the differentiation of stage IV from stage I through III disease (area un-
der the curve of 0.87; cutpoint of 0.55; sensitivity of 74%; specificity of 87%) in pancre-
atic adenocarcinoma.101 Other hypermethylated genes reported included (BMP3,
RASSF1A, BNC1, MESTv2, TFPI2, APC, SFRP1, and SFRP2).102 Gene panel analysis
rather than single gene interrogation seem to have improved statistical power as po-
tential disease predictors.104 KRAS mutation in pancreatic cancer had poorer overall
survival.105 Circulating noncoding miRNA have also been assessed for their diagnostic
value in pancreatic adenocarcinoma. To this end, plasma miRNA including miR-210,
miR-21, miR-155, and miR-196a among others were found to be upregulated,
whereas miR-375 has been found to be downregulated in pancreatic cancer cells
and could be associated disease diagnosis and/or prognosis.106 Interestingly,
serum-derived miR-155, and miR-196a were found to be downregulated in contrast
with plasma106; whether these differences were due to specimen type, methodology,
and/or patient cohort is not clear. Hu and colleagues107 reported that loss of miR-1258
contributes to carcinogenesis and progression of liver cancer and poor patient sur-
vival. Further studies into the development of liquid biopsy such as cell-free nucleic
acid analysis could provide many benefits for patients with pancreatic cancer in addi-
tion to other malignancies.

SUMMARY

Although the described genetic changes in the neoplasms of the pancreas, liver, gall-
bladder, and extrahepatic biliary tract lead to detectable phenotypic changes, their
diagnostic and prognostic significance, and usefulness for targeted therapy are still
under investigation. PD-L1 expression and immunotherapy do not play a significant
role in patient management to date.
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KEY POINTS

� Molecular genetic technologies are currently used to aid in the diagnosis and treatment of
borderline melanocytic tumors as an adjuvant tool to the gold standard histopathologic
evaluation.

� New melanoma probe cocktails targeting RREB1 (6p25), C-MYC (8q24), CDKN2A (9p21),
and CCND1 (11q13) have revealed increased sensitivity and specificity in ambiguous
melanocytic cases.

� Cutting-edge technologies, including next-generation sequencing and cell-free nucleic
acid analysis, are promising time-effective and cost-effective biomarker applications for
mutation detection.

� DNA sequence analysis allows personalized use of the newest generation of antimelanoma
therapies, including inhibitory molecules targeting the mitogen-activated protein kinase
pathway and monoclonal antibodies targeting immune checkpoint molecules.
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INTRODUCTION

Neoplastic transformation of cells results in part from genetic mutations that lead to
abnormal proliferation and clonal expansion. Genetic changes continue to accumulate
and ultimately lead to invasion of surrounding tissues and metastasis to distant or-
gans. Genes involved in neoplastic transformation usually regulate cell proliferation
and survival, cellular motility, and differentiation.
Melanocytes are pigment-producing cells in the skin that, after embryologic

migration, are normally located at the dermoepidermal junction and within hair
follicles. Nevi is the accepted nomenclature for benign melanocytic neoplasms.
Melanomas, on the other hand, are highly aggressive cancers. There are other mel-
anocytic lesions that are not as clear-cut and have clinical or/and histopathologic
features of both melanoma and nevi, causing diagnostic uncertainty. Dysplastic
nevi and atypical nevi are terms used to describe lesions with concerning histologic
and/or clinical features. Diagnostic controversies are especially common regarding
a subgroup of melanocytic neoplasms called Spitzoid tumors, which can be viewed
as a spectrum extending from Spitz nevus to Spitzoid melanoma, with intermediate
stages, including atypical Spitzoid tumors of uncertain malignant potential
(STUMPs).1

Melanoma is a heterogeneous disease genetically; it is associated with various
combinations of genomic alterations that allow deregulated melanocytic proliferation.
Since identification of NRAS as the first oncogene in melanoma in 1984,2 significant
progress has been made in understanding genetic changes in melanocytic neoplasia.
These genetic alterations include point mutations, genetic deletion or amplification,
and structural rearrangements, such as chromosomal translocations. In the past
15 years, molecular profiling of melanoma has been gaining increasing interest with
the goals of improving the diagnosis and prognostication of melanoma and providing
optimal personalized treatments of patients.
There are different methods to detect these molecular genetic changes. The current

molecular techniques include fluorescence in situ hybridization (FISH), comparative
genomic hybridization (CGH), genomic expression profiling (GEP) using reverse tran-
scriptase (RT)–polymerase chain reaction (PCR), and different methods of DNA
sequencing. These techniques are used for diagnosis of melanocytic lesions with
ambiguous histology, for stratifying the prognosis of melanoma, and as a guide for
treatment purposes.
In CGH, the entire genomic DNAs of tumor cells and reference cells are isolated and

differentially labeled and then hybridized to metaphase chromosomes or microarrays
(array CHG [aCGH]). Hybridization intensity of DNA of tumor cells and reference cells is
compared. Increases or decreases in intensity ratio indicate relative DNA copy num-
ber variation in the genome of tumor cells. Overall, approximately one-third of the tu-
mor should harbor copy number changes to be clearly identifiable on CGH.
FISH targets individual chromosomes or specific regions within a chromosome.

Fluorescence-labeled oligonucleotide probes bind to their complementary DNA
sequence and label that region, which can then be visualized under a fluorescence mi-
croscope. Currently, 2 types of probes are relevant in melanomawork-up. Centromere
probes identify the centromere region of a specific chromosome and help establish
the number of copies of that chromosome, and allele-specific probes adhere to a spe-
cific target sequence corresponding or adjacent to an oncogene. FISH allows detec-
tion of abnormal subpopulations of cells within a heterogeneous tissue mix and much
smaller amounts of tissue are needed compared with CGH. It only detects, however,
aberrations in preselected target areas.
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CGH and FISH evaluate genomic DNA. RT-PCR is a variant of PCR that entails clon-
ing expressed genes and allows a functional evaluation of genome.3 It starts with
reverse transcribing the RNA of interest into its DNA complement by RT and then
amplifying the newly synthesized cDNA using PCR.
Point mutations are detected using DNA sequence analysis. Different methods of

sequencing include direct (Sanger) sequencing and pyrosequencing. Single nucleo-
tide extension assays are used for detecting a specific point mutation. Two commonly
used techniques include iPlex (Agena Bioscience, San Diego, CA) and SNaPshot
(Thermo Fisher Sientific, Ann Arbor, MI). Next-generation sequencing (NGS), or
massively parallel sequencing, refers to a group of technologies that can capture
data from millions of sequencing reactions simultaneously. It can be used for
whole-genome sequencing, only the exons of the known genes, or only a limited num-
ber of genes.4

THE GENETICS OF MELANOCYTIC NEOPLASMS

Nevi can be subcategorized based on clinical and histologic characteristics into
groups including congenital melanocytic nevi (CMN), common acquired melanocytic
nevi, blue nevi, and Spitz nevi. Studies have showed different genetic alterations in
different types of nevi. In 2003, it was found that BRAF-activating mutations, which
were already known to be present in melanoma, were also present in nevi.5 Most
studies have shown that BRAF is mutated in approximately 80% of acquired nevi. A
single amino acid substitution (V600E) accounts for approximately 80% of these mu-
tations.6 The V600E mutation alters the 600 amino acid position on the BRAF protein
from valine to glutamic acid. Additional activating mutations, such as the BRAFV600K
and BRAFV600R mutations, have also been identified in melanomas.6 NRASmutation
has been found in approximately 6% to 18% of acquired melanocytic nevi.7 Both
these genes are involved in the mitogen-activated protein kinase (MAPK) pathway,
a central activator of cellular proliferation, and tend to occur in a mutually exclusive
fashion in melanocytic neoplasms.
Results of genetics studies suggest NRAS mutations and, to a lesser extent, BRAF

mutations, contribute to the development of CMN. A consistent relationship between
the size of lesion and mutation status has been found, with an inverse relationship be-
tween the prevalence of BRAF mutations and the size of CMN lesion.8 Most blue nevi
have a somatic mutation of either GNAQ or GNA11, which are 2 G protein alpha units.9

These mutations cause a loss of GTPase activity, leading to constitutive activation and
subsequent up-regulation of MAPK pathway signaling.
Although individual MAPK pathway mutations may initiate inappropriate prolifera-

tion resulting in nevus formation, they are not sufficient for melanoma formation.
The initial growth of a melanocytic nevus is followed by loss of proliferative activity
and stabilization of size. Mechanisms involved in growth arrest are complex. Although
there are some similarities to replicative senescence, important differences exist, and
the term, stable clonal expansion, rather than oncogene-induced senescence, has
been suggested.7

Although a majority of nevi remain benign over time, a small proportion progresses
to melanoma. There has been controversy whether or not progression from benign
nevi to melanoma goes through an intermediate stage. Although earlier studies failed
to show genetic difference between common and dysplastic nevi, a recent study by
Shain and colleagues10 has showed that melanocytic lesions with intermediate histo-
pathologic findings have a genetically distinct signature different from both simple nevi
and melanoma. They found that whereas banal nevi typically had BRAFV600E
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mutation only, ambiguous lesions tended to have NRAS mutations and BRAF non-
V600E mutations as well as telomerase RT (TERT) promoter mutations. Other studies
have also found relatively lower rates (approximately 60%) of BRAFV600Emutation in
dysplastic nevi.8 These data suggest that histologic dysplasia may be a true interme-
diate lesion but also imply that dysplastic nevi are often likely not derived from previ-
ously banal nevi. These findings await confirmation.
Studies have showed distinct patterns of genetic alterations in different groups of

primary melanomas.11 The Cancer Genome Atlas Network has proposed to classify
melanoma into 4 categories based on the pattern of the most prevalent significantly
mutated genes: mutant BRAF, mutant RAS, mutant neurofibromatosis (NF1), and tri-
ple wild-type (WT).12 Mutations in BRAF can be identified in approximately 50% of
melanomas. BRAF-mutated melanomas are most often found on nonchronically
sun-damaged skin and are believed to arise from nevi with BRAFmutation. Focal am-
plifications of BRAF, the melanocyte lineage-specific oncogene microophthalmia-
associated transcription factor, and the ligand for the coinhibitory immune checkpoint
protein programmed death-1 (PD-1), PD-L1 gene (CD274) are observed at significant
frequencies in the BRAF mutant subtype.
NF1 loss has been described in up to 10% to 15% of melanomas. NRAS amplifi-

cations co-occurs in tumors with NRAS mutations. Significant 4q12 focal amplifica-
tion containing the oncogene KIT only has been found in the triple-WT cohort. Two
other adjacent oncogenes, platelet-derived growth factor receptor alpha polypeptide
(PDGFRA) and KDR, were frequently coamplified with KIT. There are also observed
high-level focal copy number alterations containing the oncogenes CDK4 as well as
MDM2 and TERT in triple-WT melanomas. This classification is based on potential
implications for prognosis and therapy and recent advances in immunotherapy.12

Bastian13 has proposed classification of melanoma based on genetic alterations that
arise early during progression, clinical or histologic features, characteristics of the host,
and the role of environmental factors, such as UV radiation. Melanomas on sun-
exposed skin without cumulative sun-induced damage (CSD) usually originate from ac-
quired or Spitz nevi, with (possible) intermediate stages of dysplastic nevi and atypical
Spitz tumor, respectively. Melanomas associated with high UV exposure are mela-
nomas on skin with CSD and include desmoplastic melanomas. CSD melanomas
have infrequentBRAFmutations (more often V600K than V600E), inactivatingmutations
ofNF1 (30% of cases), copy number increase ofCCND1 (20% of cases), and activating
mutations of KIT (approximately 10% of cases). Acral melanoma and mucosal mela-
noma are not associated with UV exposure. It has been shown that non–UV-related
activating mutations in KIT and alterations in platelet-derived growth factor receptor
alpha polypeptide (PDGFRA) lead to tumor proliferation in these sites.11

As melanomas progress, point mutation burden increases steadily, finally stabiliz-
ing once melanomas became invasive. By contrast, copy number alterations only
became prevalent at the transition to invasive melanoma. Progressive telomere attri-
tion with end-to-end fusion of chromatids during crisis could explain the frequent
chromosomal aberrations in melanoma.14 Numerous recurrent chromosomal gains
and deletions have been described in melanomas.15 Gains in 6p25 (RREB1) are high-
ly sensitive in the detection of melanoma (73% sensitive overall). Losses of 6q23 are
identified in 24% of melanomas overall. Copy number gains at 11q13 are 36% sen-
sitive in the detection of melanoma overall. They are least frequently seen in super-
ficial spreading type (22%) and most frequently seen in nodular type (55%). This gain
was found most frequently in melanomas associated with chronic sun damage. Mel-
anomas with 8q24 copy number gains, the locus that codes for the MYC gene, are
associated with an amelanotic appearance and a nodular growth pattern and
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frequently occur on nonchronically sun-damaged skin. A deletion at 9p, the same
chromosome locus implicated in hereditary melanoma syndromes, has been found
in approximately 80% of melanomas.

Spitz Tumors

Genetic studies of Spitz nevi have demonstrated an absence of mutations involved in
common acquired nevi. In total, BRAF and NRAS mutations have been detected in
6.4% (21/330) and 2.2% (4/178) of Spitz nevi, respectively.8

The most frequently observed genetic alterations in Spitz nevi involve the HRAS
gene. Approximately 20% of cases show oncogenic mutations of HRAS, typically
accompanied by copy number increases of the entire short arm of chromosome
11 as the only chromosomal aberration.16 HRAS mutation seems to occur almost
exclusively in Spitz nevi and it has not been identified in Spitzoid melanomas.
Another variant has a combination of BRAF V600Emutations and biallelic loss of the

tumor suppressor BAP1 on chromosome 3p21.17 This category is called melanocytic
BAP-1–associated intradermal tumors, also called Wiesner nevus or BAPoma, and
may represent a progression from an acquired nevus.18 Intact BAP1 has a tumor sup-
pressive function and BAP1 deficiency leads to genomic instability.
Recently, gene rearrangements of ROS1, NTRK1, ALK, BRAF, and RET, resulting in

in-frame kinase fusions, were reported through genomic analysis of 140 Spitzoid neo-
plasms.19 No fusions were detected in tumors with HRAS mutations. Each of the fu-
sions was identified across the spectrum of Spitzoid neoplasms, implying that
translocation is an early event in tumorigenesis.
Homozygous deletion of 9p21 (CDKN2A), which has been found in melanomas, also

happens in Spitzoid tumors and is an important (although not unequivocal) indicator of
aggressive behavior and poor prognosis among Spitzoid neoplasms.20 Another indi-
cator of clinically aggressive disease among STUMPs is TERT promoter mutations.
TERT encodes the catalytic subunit for the telomerase complex, which maintains telo-
mere length during DNA replication. Lee and colleagues21 have proposed that TERT
mutations can be a marker of aggressive Spitzoid neoplasms. Additional prospective
studies are necessary, however, to assess the absolute correlation of TERT promoter
mutations with aggressive clinical behavior.22 Table 1 summarizes common genes
involved in different melanocytic lesions.

Table 1
Common genes involved in cutaneous melanocytic neoplasms

Melanocytic Neoplasm Common Genes

Common acquired melanocytic nevi BRAFV600E (80%), NRAS (6%–18%)

CMN NRAS (>80%)

Spitzoid melanocytic tumors HRAS (20%), BAP1, rearrangement of kinase
in 60% of cases (ALK, ROS1, RET, NTRK1,
BRAF)

Blue nevi, nevus of Ota, nevus of Ito GNAQ, GNA11

Malignant melanoma (sun exposed, CSD) BRAFV600K, NRAS, KIT, NF1 (30%) CCND1
(20%), KIT (10%), TP53, ARID2

Malignant melanoma (sun exposed, non-CSD) BRAFV600E, NRAS

Acral/mucosal melanoma (non–sun-exposed) KIT, PDGFRA (4q12), CCND1 (11q13), hTERT
(5p15), CDK4 (12q14), NRAS

Desmoplastic melanoma NF1 (25%)
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USE OF CYTOGENETIC TESTS IN DIAGNOSIS OF MELANOCYTIC NEOPLASMS

Histopathologic analysis of hematoxylin-eosin–stained tissue sections and correlation
with the clinical context remains the gold standard for diagnosing melanoma. A subset
of lesions, however, has unusual or atypical histopathologic features.
In 2003, Bastian and colleagues14 evaluated 132 melanomas and 54 benign nevi

with CGH and found that 96.2% of the melanomas had some type of chromosomal
copy number aberration. Among the 54 nevi evaluated, only 7 lesions (13%), all Spitz
nevi, showed aberrations. Except 1 case, these aberrations were restricted to copy
number increase of the entire short arm of chromosome 11. Remarkably, this aberra-
tion was not seen in any of the 132 melanomas. Wang and colleagues23 have reported
positive aCGH findings in 92% of melanomas but in no benign nevi. Overall, detection
of multiple copy number changes represents strong evidence in favor of malignant
melanoma. Exceptions include subtypes of Spitz nevus/tumor characterized by gains
of 11p or loss of chromosome 3. Unfortunately, a rare melanoma (4%–8%) may be
CGH negative. Other disadvantages to aCGH include the requirement for more tissue
(relative to FISH), its inability to identify small clones of aberrant cells, and its inability to
detect point mutations and balanced chromosomal translocations. The greatest cur-
rent disadvantages to aCGH are its cost and complexity that, for the time being, limit
its use mostly to investigative studies in a small number of laboratories, where it mainly
is used in diagnosis of Spitz tumors.24

In FISH, short DNA probes are hybridized to formalin-fixed paraffin-embedded
(FFPE) tissue. Because of overlapping wavelength spectra, the number of probes
that can be used together in a single experiment is limited to 4.25 Based on CGH re-
sults, Gerami and colleagues26 selected a group of 4 probes and then combined nu-
merical cutoffs of parameters for single probes and pairs of probes to yield the best
combination of sensitivity and specificity. The probes and corresponding genes
were 6p25 (RREB1), centromere 6, 6q23 (MYB1), and 11q13 (CCND1). Centromeric
portion of chromosome 6 (CEP6) is not used by itself as a marker for melanoma,
but it is used as a reference when detecting 6p25 gains and 6q23 losses in melanoma
FISH panels. These probes were applied to a cohort of melanocytic lesions and
showed sensitivity of 86.7% and a specificity of 95.4% in the differentiation of nevi
from melanomas. As a final test, the probes were applied to a group of 27 ambiguous
melanocytic tumors, and all 6 of the primary tumors that had eventually metastasized
were positive by this FISH assay.26

Although using these has permitted test sensitivity of 86% and specificity of 95% for
histopathologically obvious/noncontroversial benign and malignant lesions, results for
diagnostically ambiguous melanocytic neoplasms have been variable. Although in
some studies, all lesions proved to be melanoma were FISH positive, other groups
have reported a specificity of only 50% for metastasis and a sensitivity of 60%. In
2011, Gerami and Zembowicz25 reviewed experiences of the dermatopathology com-
munity with FISH for the diagnosis of melanocytic neoplasms and concluded that the
sensitivity and specificity, discussed previously, are not satisfactory for the diagnosis
of melanoma, and “thus melanoma FISH must not be used as a stand-alone test and
has to be considered as a diagnostic adjunct.”25 They noted that NeoGenomics data
(from the time of publication of their review article) demonstrate only 75% sensitivity
for melanoma. They also pointed out that the use of the current FISH test results in
as low as a 50% sensitivity for certain types of melanomas. Another review cites a
sensitivity lower than 70% for the use of FISH in thin conventional melanomas.27

Sensitivity of standard FISH probes in unequivocal Spitzoid melanomas has been esti-
mated at approximately 70%.28
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To overcome these problems, additional probes are currently being incorporated
into clinical utility, such as those targeting 9p21 (CDKN2A), which are useful for diag-
nosing both conventional and Spitzoid melanomas by increasing sensitivity and spec-
ificity. Probes targeting 8q24 are useful for nodular, amelanotic, and nevoid
melanomas.29 More recently a new melanoma FISH probe cocktail targeting RREB1
(6p25), C-MYC (8q24), CDKN2A (9p21), and CCND1 (11q13) has been proposed by
Ferrara and De Vanna30 These investigators have proposed implementation of a
FISH algorithm; starting with the standard 4-probe test and followed by either
C-MYC or CDKN2A/centromere 9.
The other technique in use for melanoma diagnosis is GEP. This technique analyzes

mRNA, in contrast to FISH or CGH, which uses DNA, and is a functional genome eval-
uation. Clarke and colleagues31 have used quantitative PCR on a selected set of 23
genes on 464 samples. This group developed a gene expression signature that differ-
entiates benign nevi from malignant melanoma with sensitivity of 89% and specificity
of 93%. More recently, a GEP assay consisting of 31 genes, which has been approved
by Food and Drug Administration (FDA), has been developed for cutaneous melanoma
as a prognostication assay to classify melanoma to low risk (class 1) and high risk
(class 2)32 and may have the potential to reduce the costs. Recently, Gerami and col-
leagues33 demonstrated that 31-gene GEP results are a more accurate predictor of
metastasis in 5 years, compared with sentinel lymph node biopsy (SLNB). In addition,
combination of GEP results with SLNB have improved prognostication.
RT-PCR has also been used in the past 2 decades for detection of circulating tumor

cells (CTCs) in blood. Based on the theory of epithelial-to-mesenchymal transition of
melanoma cells and invasion of the malignant cells into the vascular system and
spread to the solid tissues, CTCs are the subject of great interest and research among
oncologists and clinical pathologists. Detection of melanoma cells in peripheral blood
by RT-PCR was first reported by Smith and colleagues34 in 1991. Khoja and col-
leagues35 used a melanoma Cell Search CTC kit with CD146 MelCAM (BD Horizon,
San Jose, CA) for CTC capture, costaining with CD45 and CD34 to differentiate
CTCs from leukocytes and vasculature, respectively. They proposed that CTCs may
be prognostic in patients with stage III melanoma. Clinical utility of CTCs in melanoma
is limited, however, by heterogeneity of melanoma cells, sparseness of released cells
into the blood stream, and discrepancies between studies regarding method of detec-
tion and lack of validated detection methods and lack of quality control assays. Addi-
tional research and clinical trials is warranted to investigate whether CTCs could be
used as liquid biopsy for exploring mutational profile of melanoma cells as a guide
for targeted immunotherapies.

NEXT-GENERATION SEQUENCING AND CELL-FREE NUCLEIC ACID ANALYSIS

Conventional gene sequencing for mutation analysis is not only relevant for treatment
selection but also can be useful for diagnostic purposes. The detection of a GNAQ/
GNA11mutation in a sclerosingmelanocytic tumor with a differential diagnosis of ame-
lanotic sclerosing blue nevus versus desmoplasticmelanoma supports a diagnosis of a
blue nevus.36 Currently, there is a tendency toward testing with NGS methods. The
sensitivity of NGS is higher than other common available techniques inmutation detec-
tion and is applicable in FFPE specimens. Moreover, the amount of DNA that is needed
for the analysis of a gene panel is low in comparison to Sanger sequencing.37

NGS offers the unique opportunity to provide detailed information of the mutational
profile, allowing the sequencing of multiple melanoma-driving genes in a single assay.
Not only can the driver mutations (BRAF, NRAS, and KIT) be identified but also
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mutations that are less common and potentially actionable, which lead the tumor cells
to escape targeted therapy, revealed. NGS has the capacity to detect not only the
DNA mutational profile but also the mRNA expression profile, copy number aberra-
tions, translocations, and methylation status.38 The cost-effectiveness and feasibility
of a custom-designed targeted NGS panel suggest implementation of targeted NGS
into routine daily practice.39

Analysis of tumor characterization via cell-free DNA (cfDNA) analysis has also been
recently reported as a surrogate marker. Valpione and colleagues40 have shown that
baseline cfDNA concentration obtained from 43 patients with melanoma correlated
with pretreatment tumor burden, hazard of death, and overall survival (OS). A cutoff
value of greater than or equal to 89 pg/mL prognosticated a shorter OS. In addition,
McEvoy and colleagues41 reported that a droplet digital PCR assay designed for the
concurrent detection of chr5:1,295,228C > T and chr5:1,295,250C > T TERT promoter
mutations demonstrated a 68%concordance betweenmatched plasma and tumor tis-
sue, with a sensitivity of 53% (95% CI, 27%–79%) and a specificity of 100% (95% CI,
59%–100%). Additional utility of cfDNA as well as circulating tumor cell DNA (ctDNA)
mutations and concentrations have also been reported, suggesting that cfDNA and
ctDNA analysis may serve as novel biomarkers for melanoma patients.42,43

These molecular techniques are rapidly emerging as important tools in evaluation of
melanocytic neoplasms. Table 2 highlights the relative advantages and disadvan-
tages of each molecular technique.

THERAPEUTIC APPROACHES FOR METASTATIC MELANOMA IN THE MOLECULAR ERA

Metastatic melanoma is an aggressive malignancy. It shows poor response to single-
agent and multiagent chemotherapy. Dacarbazine (DTIC), interleukin 2, and interferon
alpha have been standard chemotherapeutic and immunotherapeutic agents for mel-
anoma for many years, despite an absence of or limited survival advantage in clinical
trials.44 Recently, a new generation of antimelanomas therapies has been developed.
These include targeted inhibitors of the MAPK pathway andmutated KIT as well as im-
mune checkpoint blockade by monoclonal antibodies targeting cytotoxic T-lympho-
cyte antigen 4 (CTLA-4).45 Coupled with detection of the mutational status of the
BRAF and KIT, these therapies and increasingly combinations of these therapies
are showing great promise for the treatment of advanced metastatic melanomas.

BRAF Inhibitors

Activating mutations of the gene encoding for BRAF are found in 40% to 60% of mel-
anomas. Although BRAF inhibition has improved OS, it has been associated with cuta-
neous squamous cell carcinoma. The mechanism of squamous cell carcinoma
development in these patients has been attributed to upstream RAS mutation along
with paradoxic activation of MAPK signaling.46 Recently, b-genus human papilloma-
virus 17 and Merkel cell polyomavirus have been reported in these lesions.47

Vemurafenib
Vemurafenib is an orally delivered, FDA-approved drug available for the treatment of
melanoma patients with the BRAFV600Emutation. A large phase 2 second-line trial in
132 patients confirmed a high response rate and longer median progression free-
survival (PFS).48 Treatment with vemurafenib is discouraged in WT BRAFmelanomas,
as studies have demonstrated that BRAF inhibitors can enhance rather than
down-regulate the MAPK pathway in tumor cells with WT BRAF and upstream RAS
mutations.49–52
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Dabrafenib
Dabrafenib is a newer drug undergoing testing and has shown efficacy in patients with
the BRAFV600E mutation.53 When compared with DTIC in the BREAK-2 trial, dabra-
fenib showed longer PFS. OS data were limited by the median duration of follow-up.
Partial response and complete response were also higher in patients receiving dabra-
fenib versus DTIC.

Table 2
Molecular techniques in cutaneous melanoma diagnosis

Technique Advantages Disadvantages

CGH Detects genome-wide DNA
aCGH is more sensitive than
traditional CGH

Larger amount of tissue is needed
than for FISH

False-negative results when less than
adequate tumor cells represented in
the sample

False-negative results in 4%–8% of
melanoma

False-positive results in Spitz nevi with
11p gain or chromosome 3 loss

Inability to detect point mutations
and balanced chromosomal
translocations

High cost and more complexity
Limited availability

Sanger
sequencing

FFPE specimens
Simple
Low cost
Fast turnaround time

Low sensitivity
Detects 15%–25% allele frequency vs

2%–10% detection rate for NGS
Laborious process

RT(PCR)/
GEP/mRNA

FFPE specimens
High (90%) sensitivity and (91%)
specificity

31-gene GEP is more sensitive than
SLNB for prognosis

Difficulty in maintaining linearity
Slight DNA contamination leads to

inaccurate results

FISH Less amount of tissue needed than
CGH

New FISH probe set (targeting
chromosomal loci 11q13, 8q24,
6p25 and 9p21) with sensitivity and
specificity of 94% and 98%,
respectively

Only detects genes and chromosomes
targeted by specific probes

Enumeration needs experience
Polyploidy including tetraploidy in

Spitz nevi can lead to false-positive
results

Low sensitivity and specificity in
certain types of melanoma and
atypical Spitzoid neoplasms with
the traditional 4-probe assay

NGS FFPE specimens
Requires very low input DNA/RNA
High sensitivity and accuracy
Screens variety of genomic alteration
simultaneously (small and large
deletions/insertions, copy number
variations, fusion transcripts)

Quick turnaround time

Availability
High cost of whole-genome

sequencing

cfDNA/ctDNA Requires blood, serum or plasma
Low cost
Quick turn-around time

Variable specificity and sensitivity
depending on tumor types

Early stage in adaptation/Emerging
technology
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MEK Inhibitors

MEK inhibitors are recently FDA-approved drugs that inhibit MAPKs MEK1 and MEK
2, which are downstream from BRAF in the MAPK pathway. MEK inhibitors are
currently used for treatment of BRAF-mutated melanoma.

Trametinib
Trametinib dimethyl sulfoxide was the first MEK inhibitor approved by the FDA for
treatment of BRAF-mutated metastatic melanoma. It is also approved in combination
with the BRAF inhibitor dabrafenib. Combination of BRAF and MEK inhibitors have
shown significant improvement in response rates, PFS and OS in addition to fewer
side effects related to paradoxic activation of MAPK pathway.54

Cobimetinib
Cobimetinib is another MEK inhibitor, approved in 2015 for treatment of BRAF-
mutated metastatic melanoma in combination with the BRAF inhibitor vemurafenib.54

KIT Inhibitors

Approximately one-third of melanomas arising in non–sun-exposed areas, such as the
mucosal surfaces and acral areas, have amplifications or activating mutations of the
receptor tyrosine kinase KIT. The most clinically tested drug thus far in patients with
KIT-mutant melanoma is imatinib.

Imatinib
Imatinib was demonstrated to have a remarkable tumor response in metastatic mela-
nomas with a mutated KIT gene in a phase 2 study.55 Numerous phase 2 studies, how-
ever, using imatinib to treat unselected groups of patients with metastatic melanoma
showed inconsistent tumor response.56–58 Other studies have demonstrated the
value of imatinib in selected groups of patients with metastatic melanomas with KIT
alterations.59,60

Nilotinib
The introduction of second-generation tyrosine kinase inhibitors, such as nilotinib, suni-
tinib, and dasatinib, is expanding the interest in inhibitingmutated KIT inmetastaticmel-
anomas. A recent global phase II Tasigna Efficacy in Advanced Melanoma (TEAM) trial
has shown efficacy and safety of nilotinib in KIT-mutated metastatic melanoma.61

Ipilimumab
Ipilimumab, a humanized IgG1 monoclonal antibody targeting the CTLA-4, was the
first drug to demonstrate an improvement OS compared with the standard of care
for melanoma. It augments T-cell activation.62–65

When given in combination with the glycoprotein vaccine gp100, the antibody
showed improved OS when compared with vaccine alone. In patients with previously
treated metastatic melanoma, an improvement in OS was seen when ipilimumab was
used in combination with chemotherapy compared with chemotherapy alone.

PD-1 Inhibitors

PD-1 is an inhibitory receptor and is a member of the CD28 family. PD-1 is expressed
on B and T lymphocytes and, on ligation to PDL-1 and PDL-2 on macrophages and
dendritic cells, inhibits immune cell activation and induces T-cell apoptosis. Mono-
clonal antibodies against PD-1 and PDL-1 cause T cells to be activated and become
more efficient in tumor surveillance. PD-1 antibodies have been approved by the FDA
for advanced melanoma treatment. It has demonstrated significant activity against
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melanoma with durable response along with a manageable toxicity profile and less
serious adverse complications compared with common immunotherapies.45

Nivolumab
Nivolumab is an FDA-approved PD-1 checkpoint inhibitor. In 1 open-label, phase II
trial in Japan, approximately one-quarter of patients with previously treated stage
III/IV melanoma achieved a partial tumor response when given intravenous nivolumab,
2 mg/kg every 3 weeks.66 A phase III trial of nivolumab had a response rate of 40%
with a 72.9% 1-year survival rate.66

Pembrolizumab
Pembrolizumab is safe, tolerable, and effective in the treatment of melanoma. It has
been reported to increase OS and prolonged PFS rates. It has a lower incidence of
adverse reactions in comparison to other melanoma treatments and has shown a
favorable pharmacokinetics profile with minimal undesired side effects.
Pembrolizumab is administered for patients with advanced unresectable melanoma

or metastatic melanomas with a mutatedBRAFV600E/K gene that are unresponsive to
treatment with BRAF inhibitors. Pembrolizumab has shown remarkable improvement
in OS.67 Immunotherapy combination therapy trials are under way to investigate the
efficacy of different combined treatments, and the addition of an anti–PD1/PDL-1

Table 3
Summary of melanoma treatment drugs

Drug Class or Mechanism of Action Common Side Effects

DTIC Chemotherapy Photosensitivity, anemia, leukopenia,
thrombocytopenia

Interferon Immunotherapy Flulike symptoms, low blood cell counts

Interleukin-2 Immunotherapy Fluid retention

Ipilimumab
(Yervoy)

Anti–CTLA-4 antibody, IgG1
monoclonal antibody,
augments T-cell activation

Colitis, hepatitis, numbness and
tingling, skin sensitivity eruptions

Vemurafenib
(Zelboraf)

Targets cells with BRAFV600E
mutation

Fatigue, hair loss, blurred vision,
squamous cell carcinoma

Dabrafenib Targets cells with BRAFV600E
mutation

Hyperglycemia, hyponatremia, night
sweats, squamous cell carcinoma

Imatinib (Gleevec) Targets cells with KIT mutation Low blood counts, edema, skin rash,
muscle cramps, diarrhea, fever

Nilotinib (Tasigna) Targets cells with KIT mutation Cold symptoms, hair loss, skin rash

Trametinib
(Mekinist)

MEK inhibitor Acne, rosacea, dry skin, itch,
papulopustular eruption, dusky
erythema

Cobimetinib
(Cotellic)

MEK inhibitor Diarrhea, fever, nausea, hypertension,
papulopustular eruption, dusky
erythema

Pembrolizumab
(Keytruda,
lambrolizumab)

PD-1 inhibitor Fatigue, cough, pneumonitis, hepatitis,
rash, itching, vitiligo, diarrhea, colitis,
headache

Nivolumab
(Opdivo)

PD-1 inhibitor Fatigue, skin rash, cough, swelling of
extremities, fever, upper respiratory
tract infection, psoriasis
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agent, such as pembrolizumab, to combined BRAF and MEK inhibitors has shown
promising results.45

The future of antimelanoma therapy certainly lies in the detection of specific muta-
tions in patient malignant melanomas and subsequent personalized treatment of these
malignancies with various combinations of molecular inhibitors and immune therapies.
Table 3 summarizes current therapeutic drugs for melanoma treatment.
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Breast Carcinoma
Updates in Molecular Profiling 2018
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Breast carcinoma is the most common malignancy affecting women in the United
States, comprising almost 29% of all cancers occurring in women. Moreover, it is
the second most common cause of mortality, responsible for 14% of cancer-related
mortality.1 It is estimated to increase both in this country and globally.
Traditionally, this tumor is classified based on morphologic features.2 The most

common subtype is invasive ductal carcinoma (IDC), not otherwise specified (NOS).
This type accounts for approximately 60% to 75% of all breast carcinomas. Estab-
lished prognostic factors associated with survival in breast cancer are clinicopatho-
logic factors such as tumor size and grade, lymph node involvement, margin status,
and lymph vascular invasion.3 Predictive biological markers that are in use clinically
are estrogen and progesterone receptors and Her-2/neu receptor status. Predictive
markers are used to determine subsequent treatment options and estimate response
to treatment.4 Receptor expression is determined using validated immunohistochem-
ical methods. In the case of Her-2/neu, fluorescence in situ hybridization assay is per-
formed to evaluate gene amplification, in the event of equivocal Her-2/neu protein
expression by immunohistochemistry. The testing methodology and protocols, cutoff
values and reporting guidelines are based on College of American Pathologists/Amer-
ican Society of Clinical Oncology guidelines.5
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KEY POINTS

� Understanding the molecular heterogeneity underlying the clinical heterogeneity of breast
cancer.

� Molecular and genetic variations in breast cancer with impact on treatment and prognosis.

� Correlation of the histologic variants of breast cancer and their molecular correlates.

� Introduction to progression of in situ carcinoma to invasive carcinoma.
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Over the past decades, the heterogeneity of breast carcinomas has been acknowl-
edged and studied. Observations regarding variable outcome in patients with breast
cancer have supported these theories. A landmark study by Perou and colleagues6

showed that the heterogeneity of breast carcinoma was reflected in the molecular
makeup of these tumors. Using complementary DNA technology, the investigators
analyzed 65 tumors from 42 individuals, including 20 paired samples before and after
chemotherapy. For the purpose of this study, 496 genes, nominated as the intrinsic
gene subset, were included for analysis. Differences in specific signaling pathways,
cellular components, and proliferation gene expressions were identified as variations
in expression of different subsets of genes. Using hierarchical clustering to analyze
these tumors, 2 main groups of tumors were identified based on the estrogen receptor
status: estrogen-positive tumors and estrogen-negative tumors.6–8 Estrogen-positive
tumors corresponded with the luminal subtype, whereas the estrogen-negative group
included the Her-2/neu-enriched and the basal groups.6

Also identified as a separate group was the normal breast subtype, which is char-
acterized by genes normally characterizing adipose tissue and basal cell genes, with
a low expression of genes characterizing luminal cells. It is thought that this group
may represent contamination by the normal breast parenchyma and need further
investigation.
A subsequent study by Sorlie and colleagues7 extended the cohort to include 38

additional tumors (total of 78 cases). From the initial gene subset, 456 genes were
selected for analysis. Expanding the size of the cohort allowed for identification of sub-
classes within the estrogen receptor–positive group.
Based on these molecular studies, breast carcinomas can be classified as follows:

a. Estrogen positive
1. Luminal A
2. Luminal B

b. Estrogen negative
3. Her-2/neu
4. Triple negative
5. Normal breast–like

LUMINAL A

This subtype is characterized by upregulation of the estrogen receptor gene (ESR-1)
and related genes such as GATA 3, FOX A1, and LIV 1. Her-2/neu gene amplification
is not seen. By immunohistochemistry, these tumors are characterized as estrogen re-
ceptor positive (ER1) and Her-2/neu negative. They are positive for luminal cytokera-
tins such as CK8/18.
These tumors are generally well differentiated, more likely to be low stage (T1),

with increased expression of progesterone receptor, low proliferation index, and
negative Her-2/neu expression compared with luminal B tumors. These tumors
are also associated with a significantly better recurrence-free survival and superior
overall survival.3,8–11 In addition, the level of progesterone receptor expression
seems to be a significant prognosticator in luminal A tumors, in which levels higher
than 20% are associated with a better survival,9 compared with luminal B tumors. In
the study by Sotirou and colleagues,8 the 10-year relapse-free survival for luminal A
tumors was 80%. Similarly, this subtype constitutes the largest group, comprising
approximately 60% of all breast cancers and also shows a lower relapse rate (9%
within 5 years).3 Endocrine therapy alone is considered sufficient for this group of
tumors.12
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LUMINAL B

Increased expression for the estrogen receptor gene and related genes, expression of
luminal cytokeratins (CK8/18), and increased expression of proliferation genes, such
as CCNB1, MYBL2, and MKI67, characterize the luminal B subtype.7 Compared
with luminal A tumors, these tumors tend to have a lower expression of the estrogen
receptor–related gene set. In addition, these tumors have higher proliferation rates,
shown by Ki-67 nuclear labeling by immunohistochemistry, and also overexpress
the Her-2/neu gene, at least in a subset of cases. Therefore, luminal B tumors seem
to be a more heterogeneous group and can be defined as ER1/Her-2/neu-/Ki-
67 �14% and ER1/Her-2/neu1.12 Morphologically, they tend to be of a higher grade
and have a worse outcome clinically with greater chances of relapse compared with
luminal A tumors.3,10,11,13 Incorporating the Ki-67 labeling index has been reported
to have significant value in stratifying the luminal tumors and identifying different sub-
groups with poor prognosis.14 Although a cutoff of 14% is used to stratify risk in these
tumors,14 it is important to remember that this cutoff value does not represent a true
bimodal distribution because the expression of Ki-67 is a continuum,15 leaving this
cutoff to be debated and requiring further validating studies.16,17 If left untreated,
luminal B tumors have a relapse risk similar to that of basal-type tumors.18 Accurately
identifying these tumors is vital because treatment regimens are based on this. Addi-
tional chemotherapy and anti–Her-2–related drugs are indicated in these cases.12

Comparative genomic hybridization (CGH) studies have shown that recurrent chro-
mosomal changes are present within the luminal group. Concurrent deletions of 16q
and gains of 1q, which are considered hallmark changes associated with low-grade
ductal carcinoma, are seen in most ER1 carcinoma, more frequent in the low-grade
ER1 disease.19 These chromosomal alterations are rare in ER-negative tumors, sug-
gesting that progression from ER1 to ER-negative disease rarely happens, if ever.
One of the most common gene mutations present in luminal breast cancers involves

the PIK3CA gene. In addition to adding prognostic significance, this may be important
as a therapeutic target.

HER-2/NEU-ENRICHED (HER-2/NEU-POSITIVE) SUBTYPE

This subtype approximates 15% of all breast carcinomas. These tumors have a high
histologic grade affecting approximately 75% of these tumors. By genomic analysis,
these tumors show increased expression of the Her-2/neu gene and other genes
related to the Her-2/neu amplicon, such as GRB 7 and TRAP 100 on chromosome
17q12. Genes related to proliferation also show increased expression. By immunohis-
tochemistry, these tumors show estrogen receptor negativity and Her-2/neu protein
positivity. However, it is important to understand that a substantial proportion of
Her-2/neu protein expressing tumors belong in the luminal B subtype and not all of
these tumors show gene amplification. Mutations related to the p53 gene are seen
in a significant proportion of these tumors, estimated at 40%.
Her-2/neu-positive tumors, at presentation, seem to be associated significantly with

multifocal/multicentric disease, positive lymph nodes, and high-volume nodal involve-
ment (�4 nodes) compared with luminal A disease.20 Clinically, these tumors behave
in an aggressive fashion. However, in the recent past, the outcome of these tumors
has been modified by anti–Her-2 treatments, which has had a positive impact on
survival.21,22 In addition, these tumors reportedly show a better response to chemo-
therapeutic agents.23–25 These tumors also have a better response to neoadjuvant
therapy than the luminal subtypes, with complete pathologic response seen in a large
proportion of these tumors.26 Local recurrences are most commonly seen with Her-2/
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neu-positive tumors, approximating 8% compared with 1.8% in luminal A tumors over
a 5-year period following breast-conserving surgery.27 Similarly significantly lower
rates of regional relapse-free survival was seen in this group (along with the basal sub-
type)28 compared with the Luminal A subtype. Bone and liver metastases are seen
frequently with the Her-2/neu-positive subtype.29

BASAL-LIKE SUBTYPE

The basal phenotype is characterized by lack of expression of estrogen receptors and
related genes and Her-2/neu-related genes, but shows increased expression of KRT5,
KRT17, CX3CL1, Annexin 8, and TRIM29. As the name implies, there is increased
expression of cytokeratins related to the basal/myoepithelial cells. Also seen is an
increased expression of epidermal growth factor receptor. A large proportion of these
tumors (approximately 75%) contain mutations in the p53 gene. By immunohisto-
chemistry, these tumors are negative for estrogen, progesterone receptors, and
Her-2/neu, although they are positive for basal cytokeratins and epidermal growth fac-
tor receptors. Common basal cytokeratins used to identify these tumors are CK5/6,
CK17, and CK19 using immunohistochemical methods.
Morphologically, these tumors are high grade with a high mitotic rate, necrosis,

pushing borders, and peritumoral lymphocytic infiltrate.30 Clinically these tumors pre-
sent at a younger age and are more common in the African American population, and
present with larger tumors with a higher proportion of concomitant lymph node metas-
tasis (reviewed in Ref.31). These tumors have a poor prognosis compared with luminal
tumors, with a significantly shorter relapse-free survival with a high proportion of
women relapsing in less than 3 years. Basal tumors also have a higher proportion of
metastasis to the central nervous system.29

For routine clinical use, surrogate immunohistochemical markers are used to clas-
sify tumors into the intrinsic subtypes (Table 1).32 This classification is important
because subsequent treatment decisions are based on this categorization.
More recently, additional subtypes have been described.

Claudin Low Subtype

These tumors tend to cluster close to the triple-negative group. They have a low to
negative expression of estrogen receptor–related genes and Her-2/neu and related
genes. Also, basal cytokeratins are inconsistently expressed. In addition, the expres-
sion of proliferations markers is low in these tumors. This group of tumors, alterna-
tively, seems to have an increased expression of genes related to the immune
system, cell-cell communication, cell differentiation, cell migration, and angiogenesis.
Decreased expression of genes related to cell-to-cell adhesion is also seen, such as

Table 1
Classification of breast carcinoma into intrinsic subtypes using immunohistochemistry

ER-Positive Tumors ER-Negative Tumors

Luminal A:
� ER positive/Her-2/neu negative

Her2/neu:
� ER negative/Her-2/neu positive

Luminal B:
� ER positive/Her-2/neu negative/Ki-67 �14%
� ER positive/Her-2/neu positive

Basal phenotype:
� ER negative/Her-2/neu negative
� Positive for high-molecular-weight

cytokeratins (eg, CK 5/6) and EGFR

From Bandyopadhyay S, Ali-Fehmi R. Breast carcinoma: molecular profiling and updates. Clin Lab
Med 2013;33(4):895; with permission.
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the claudin group (3,4 and 7) and E-cadherin. Morphologically, these tumors are het-
erogeneous, including metaplastic, medullary, and invasive ductal carcinoma, with no
specific type in particular. Overall prognosis and survival in these tumors is worse than
in the luminal A type and more akin to that of luminal B, Her-2/neu, and basal
subtypes.33

Molecular Apocrine Subtype

Another group of breast carcinomas has been identified by Farmer and colleagues,34

which include all ER-negative tumors (decreased expression of ESR1 gene), distinct
from the basal-like group. These tumors overexpress ERRB2 genes and also show
increased androgen receptor (AR) signaling. Other overexpressed genes include
those related to metabolism (lipid synthesis). Correlation with apocrine morphology re-
veals a strong association between marked apocrine features and AR1/ER� pheno-
type. Similar associations between apocrine morphology, ER negativity, and ERRB2
positivity have been reported,35 suggesting an overlap between the ERRB2 enriched
group and the molecular apocrine group. Coexpression of AR and Her-2/neu has also
been reported by immunohistochemistry in a subset of high-grade invasive carci-
nomas with apocrine features.36 One of the proposed hypotheses to explain this as-
sociation suggests that ERRB2 overexpression stabilizes, modifies, and affects AR
function and expression.37 Identifying genes that are overexpressed in molecular
apocrine carcinomas, such as AR and 3-hydroxy, 3-methylgluryl glutaryl COa reduc-
tase(HMGCR), will help in the design and use of novel treatment options tailored in
these patients.34

Interferon-Related Group

More recently, an additional possible subtype has been described, namely the inter-
feron (IFN) group, which shows an increased proliferation of interferon-related genes,
including STAT1.18 STAT1 is considered to regulate the overexpression of the IFN-
related genes.38 Overexpression of these genes has been associated with poor
prognosis.

Molecular correlates of histologic subtypes
As per the World Health Organization classification, 17 additional subtypes have been
described based on specific morphologic features. Tumors in each of these cate-
gories are defined by a constellation of morphologic features (Table 2) that are unique
to that special type. Together, these tumors approximate 25% of all breast cancers.2

These morphologic subtypes have in the past intrigued researchers, and one of the
questions that arise from morphologic categorization of these tumors is whether the
morphology bears any independent prognostic and predictive significance. Also,
the rarity of these subtypes hampers the study of these tumors in large cohorts to
effectively determine outcomes.
Somemorphologic variants have already been described to have characteristic clin-

ical features. For example, tubular carcinomas are known to have an excellent prog-
nosis with significantly longer disease-free and breast cancer–specific survival.39

Similarly, cribriform carcinoma also has been reported to have a better disease-free
survival40 compared with grade 1 IDC-NOS. The morphologic variants within the
triple-negative subtype also highlight the heterogeneity of this molecular subtype.
Studies report the good prognosis of the adenoid cystic and medullary carcinoma
compared with triple-negative IDC and, conversely, the worse outcome of metaplastic
carcinoma.41 Also, there is the pathologic response achieved among the different var-
iants, further underscoring the importance of this knowledge.
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Barring the usage of E-cadherin by immunohistochemistry, there are few identified
and validated diagnostic markers that can be used appropriately to differentiate or
characterize these subtypes. This scarcity brings forth another question: how different
are these tumors at the molecular level and do these tumors bear any resemblance to
the molecular subtypes thus far identified?
Weigelt and colleagues42 undertook a study that included 113 cases of 11 pure his-

tologic subtypes. Intrinsic genes that were analyzed were 1098 in number and hierar-
chical cluster analysis was performed. The investigators were able to identify
molecular subtypes for most of the histologic types studied. Most histologic types
seemed to be fairly homogenous and correlated with 1 molecular subtype; however,
some of the histologic variants seemed to be more heterogeneous and corresponded
with multiple intrinsic subtypes.
Some selected, more commonly encountered special histologic subtypes that are

discussed in this article include:

1. Invasive lobular carcinoma
2. Tubular carcinoma/cribriform carcinoma
3. Invasive mucinous carcinoma/neuroendocrine carcinoma
4. Invasive papillary carcinoma
5. Invasive micropapillary carcinoma
6. Apocrine carcinoma
7. Metaplastic carcinoma
8. Medullary carcinoma
9. Secretory carcinoma

10. Adenoid cystic carcinoma.

Invasive lobular carcinoma Invasive lobular carcinoma accounts for 5% to 15% of all
invasive carcinomas and is themost frequently encountered special type.2 Discohesive
cells characterize this histologic type morphologically, and may be singly dispersed or
present as cords of cells in the stroma. Sometimes, these cells aggregate into small

Table 2
Histologic subtypes and their molecular subtypes

Histologic Subtype Molecular Subtype

Invasive lobular carcinoma –

Classic variant Luminal A

Pleomorphic variant Luminal A
Her-2/neu enriched/molecular apocrine

Tubular carcinoma Luminal A

Mucinous/neuroendocrine Luminal A

Invasive papillary carcinoma Luminal A

Micropapillary carcinoma Luminal B/C
ERRB2

Apocrine carcinoma Her-2/neu enriched/molecular apocrine
Triple negative

Metaplastic carcinoma Triple negative

Medullary carcinoma Triple negative

Adenoid cystic carcinoma Triple negative

Secretory carcinoma Triple negative

Data fromWeigelt B, Horlings HM, Kreike B, et al. Refinement of breast cancer classification bymo-
lecular characterization of histological special types. J Pathol 2008;216:141–50.
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clusters (alveolar) and in a sheetlike pattern (solid). A definitive desmoplastic response is
not associated with these neoplastic cells. In the classic variant, the nuclei are small
(resembling a lymphocyte) and fairly uniform. The mitotic index is very low. Invasive
lobular carcinoma seems to have distinct prognostic differences compared with ductal
carcinoma, with an early survival advantage.43 These tumors are positive for estrogen
and progesterone receptors and negative for Her-2/neu. However, they are predomi-
nantly of the luminal These tumors are positive for estrogen and progesterone receptors
(Luminal); however, they independently of Luminal A ductal carcinoma on unsupervised
hiererchical clustering.44,45 In the recent past, another subtype of lobular carcinoma, the
pleomorphic variant, has been increasingly described in the literature.46,47 This variant is
characterized by a high-grade cytology with apocrine features and pleomorphic nuclei,
and has a higher proliferation rate. Accurate identification of these tumors is of signifi-
cant interest, because these tumors seem to have a worse prognosis with a higher
rate of recurrence comparedwith high-grade ductal carcinoma and classic-type lobular
carcinoma.48,49 Almost all of these tumors are ER1 and Her-2/neu negative, whereas a
small subset of the pleomorphic variant may be estrogen receptor negative and Her-2/
neu positive by immunohistochemistry. At the molecular level, these tumors predomi-
nantly prove to be of the luminal A subtype; rare cases are luminal B, Her-2/neu
enriched, and of the molecular apocrine subtype. Also, these tumors seem to be
different at the molecular level from grade and molecular subtype–matched IDC-
NOS. Downregulated genes in invasive lobular carcinoma compared with IDC are the
CDH1 gene and genes associated with cell adhesion, cell cycle regulation, and cyto-
skeleton remodeling. Also downregulated differentially in lobular carcinoma is the
TMSB10 gene, associated with cell growth and proliferation. Alternatively, genes that
are upregulated include ESR2, genes involved in lipid metabolism, and the PLEKHA7
gene, whichmay play a role in invasion, among others.42,44 Most of these tumors reveal
16q loss with gain of 1q by CGH analysis. Other alterations that differentiate them from
ductal carcinoma are 13q and 22q losses, seen more frequently in lobular carcinoma,
whereas losses in 11q are more common in ductal carcinoma.45

Tubular carcinoma/cribriform carcinoma These tumors, comprising approximately
4% of all breast carcinomas, are composed predominantly (>90%) of small round
to oval or angulated tubular structures with open lumina.2 The cells lining the tubules
are cuboidal, cytologically bland cells with a low mitotic index. Cribriform carcinomas,
often associated with tubular carcinoma, are histologically characterized by a pre-
dominant cribriform growth pattern.
By immunohistochemistry, both of these histologic subtypes are positive for estro-

gen receptor and negative for Her-2/neu.
Tubular carcinomas seem to have a significantly better prognosis compared with

low-grade IDC-NOS,39 with life expectancy approximating that of the general popula-
tion. A similar good prognosis is also seen with cribriform carcinoma.50

At the molecular level, these tumors cluster with the luminal A subtype, indicating
that they share similarities with these tumors at the genomic level.
Compared with grade and molecular subtype–matched IDC-NOS, these tumors

show an upregulation of genes related to estrogen receptor, transcription, and
apoptosis. Upregulation of the estrogen receptor signaling pathway seen in tubular
carcinomas may explain the favorable prognosis that these tumors have compared
with grade-matched IDC-NOS.42

By CGH analysis, loss of 16q has been documented in most tubular carcinoma
cases studied (86%), with 52% of cases showing 2p loss and 48% of cases showing
9p loss. The most frequent (62%) chromosomal gains involve 11p and 13q.51
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Mucinous and neuroendocrine carcinoma These tumors are estimated at 2% of all
invasive breast carcinomas.2 Morphologically, they are composed of tumor cell nests
and clusters accompanied by large pools of extracellular mucin making up more than
90% of the tumor. They are noted to have a lower incidence of lymph nodal involve-
ment and a better overall survival compared with invasive ductal carcinoma. These tu-
mors have been divided into paucicellular and cellular groups (types A and B
respectively).52 The type A tumors have a lower cell to mucus ratio with 60% to
90% of the tumor being composed of mucus, whereas the hypercellular variant shows
larger cell nests compared with the amount of mucin (30%–75% composed of mucin).
These tumors are generally positive for estrogen receptor by immunohistochemistry
and also for chromogranin and synaptophysin. The diagnosis of neuroendocrine car-
cinoma is made based on typical histologic features and when more than 50% of the
cells are positive for neuroendocrine markers. On genomic analysis, these tumors
correspond with the luminal A subtype.42 Further hierarchical analysis concludes
that, within this group, type A mucinous tumors tend to form a separate cluster,
whereas the type B and neuroendocrine tumors are intermixed. Overall, they seem
to be a distinct group compared with grade and molecular subtype–matched IDC-
NOS.53 At the transcript level, mucinous A tumors show downregulation of extracel-
lular matrix genes compared with grade and subtype–matched IDC-NOS. Also
downregulated are high molecular cytokeratin genes and Her-2/neu, whereas estro-
gen receptor–regulated genes, BCL2, luminal keratins, and genes of the fibroblast
growth factor (FGF) family seem to be upregulated in these tumors. In the mucinous
B subtype, the differences seen were similar to those in mucinous A; in addition, upre-
gulation of the p53 and Wnt/b-catenin signaling pathway is seen. Considerable over-
lap is seen between the luminal B and neuroendocrine tumors.53 By CGH analysis,
mucinous tumors showed gains of 1q and 16p and losses of 16q and 22q less
frequently than grade and ER–matched IDC-NOS. Also concurrent loss of 16q and
gain of 1q, considered to be a characteristic feature of low-grade carcinomas, is
not seen in pure mucinous tumors.54

Invasive papillary carcinoma Papillary carcinomas of the breast in addition to the
encapsulated papillary carcinoma may be invasive and of the solid papillary subtype.
Neoplastic epithelial cells lining a fibrovascular core and the lack of a myoepithelial cell
layer characterize papillary carcinoma. In the solid papillary variant, the neoplastic
cells form solid, nodular nests, surrounded by a fibrous capsule.
Most of these tumors are positive for estrogen receptor and negative for Her-2/

neu (lumina A),55,56 although lumina B, Her-2/neu overexpressing and triple-
negative subtypes have been identified in smaller numbers.56 Compared with
matched cases of IDC-NOS, these tumors seem to have a better overall survival
and disease-free survival. In addition, the subtype status also shows significant
impact on survival.
These tumors do not cluster with grade and ER–matched IDC-NOS on unsuper-

vised hierarchical cluster analysis. Although the pattern of genomic aberrations is
similar to that seen in IDC-NOS, these changes are fewer and less complex.55

Commonly seen are genomic alterations characteristic of ER1 low-grade breast can-
cer, such as loss of 16q and gains in 16p and 1q. The most commonly encountered
amplification is CCND1 gene amplification, located on 11q13, seen in about one-
tenth of the cases.55 Also, PIK3CA mutations were more frequently seen in papillary
carcinoma cases, compared with grade and ER–matched IDC-NOS.
In addition, the 3 variants of papillary carcinoma (encapsulated papillary carci-

noma, solid papillary carcinoma, and invasive papillary carcinoma) do not cluster

Bandyopadhyay et al408

Downloaded for Anonymous User (n/a) at Wayne State University from ClinicalKey.com by Elsevier on May 22, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.



independently of each other on unsupervised hierarchical clustering and may repre-
sent variations of the same pathologic entity.

Invasive micropapillary carcinoma Pure or predominantly micropapillary carcinoma
constitutes less than 2% of all breast cancer cases.2 Morphologically, these tumors
have a distinctive architectural pattern and are composed of nests of tumor cells
with reversed polarity present within lacunar spaces. Abluminal staining pattern with
epithelial membrane antigen (EMA) is useful in showing the reverse polarity of the cells.
Micropapillary carcinomas are variably positive for estrogen receptor and Her-2/neu.
They tend to have a higher rate of lymph node metastasis compared with IDC-NOS.
Also, a worse prognosis has been attributed to these tumors.57 These tumors tend
to be predominantly of the luminal subtype with a smaller subset being of the Her-2
phenotype.58 Also associated with these tumors is a high proliferation index, indicating
that they belong to the luminal B subtype rather than luminal A.58 Rare triple-negative
cases have also been reported.59

Complex genomic alterations have been identified in this variant using CGH tech-
nology. The most frequent alteration seen is loss of 8p. Other chromosomal alterations
include loss of 1p, 17p, and 16q. Also approximately two-thirds of these cases
showed evidence of 6p gain and 6q loss.58 Gains are seen in 16p, 1q, 17q, 13q, 8p,
and 1p. Recurrent amplifications were reported in 4p, 8p, 8q, 11q, 17q, and 20q.
Amplification of 8q has been significantly associated with micropapillary carci-
noma,58,60 compared with ductal carcinomas, and these amplified regions include
the MYC gene. Amplification of the MYC gene has been reported in one-third of the
cases and this has been linked to proliferation, metastasis, and aggressive behavior.58

Compared with grade and ER–matched IDC-NOS, micropapillary carcinomas tend
to be genetically more complex more frequently and seem to be a distinct entity.

Apocrine carcinoma These are defined as carcinomaswith more than 90%of the tumor
showing apocrine differentiation, which includes eosinophilic cytoplasm, round nuclei,
and prominent nucleoli. In some cases, the cytoplasm is finely vacuolated. They are
rare and constitute 0.3% to 4% of all breast carcinomas.2 These tumors are frequently
positive for GCDFP 15 by immunohistochemistry. Most of these tumors are estrogen re-
ceptor negative, AR positive, and Her-2/neu negative, whereas the rest are estrogen re-
ceptor negative, AR and Her-2/neu receptor positive.61,62 In addition, p53
overexpression is significantly associated with the triple-negative apocrine group.62

In addition to the morphologic features, this subtype has also been shown to exist
as a distinct entity at the molecular level by gene expression profiling.34

Clinically, studies have shown that these tumors have a significantly worse overall
disease-free survival compared with IDC. Also, reporting the AR status of these pa-
tients may be important because they could potentially benefit from targeted
therapy.

Metaplastic carcinoma These are a morphologically heterogeneous group of tumors
that constitute less than 1% of all breast carcinomas.2 They are composed of an
admixture of adenocarcinoma with a spindle cell, squamous, or mesenchymal
component. In some cases, the spindle cell and squamous cell components may
be pure, lacking an admixed adenocarcinoma component. These tumors are hormone
receptor and Her-2/neu negative. Clinically, they are aggressive tumors and seem to
be more chemoresistant than other triple-negative tumors.63 With gene expression
profiling and unsupervised hierarchical clustering, metaplastic carcinomas cluster
with and are intermixed with basal-like ductal carcinoma. At the transcriptional level,
differential expression of genes between the 2 groups is seen, clinically relevant
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among these being downregulation of PTEN and TOP2A genes in metaplastic carci-
noma, which are targets for anthracyclines and therefore may explain chemoresist-
ance to these agents.42,64 Also, another study of the genomewide analysis of
different components of these tumors reported genetic heterogeneity, which corre-
sponds with the morphologic variations present.65 A high proportion of alterations
related to the PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase)/AKT(Protein ki-
nase B) pathway have been identified in these tumors. In addition, these tumors
show a high-level genomic instability based on the proportion of genetic alterations
present. Gains in 1p, 11q, 12q, 14q, 22q, and 19p and increased loss of 1q, 2p, 3q,
and 8q are seen. Gain in 1q and loss of 16q, alterations generally present in low-
grade tumors, are not seen.63 Although triple negative and seeming to cluster adjacent
to the basal tumors by hierarchical clustering, at the transcriptional level, metaplastic
tumors seem to be a distinct subset from the basal-like tumors.

Medullary carcinoma Tumors included in this histologic subtype have well-defined
pushing borders, high-grade cytology with pleomorphic and vesicular nuclei and
numerous mitoses and a syncytial growth pattern (at least 75%). Tubule formation
and in situ components are not seen. A prominent tumoral lymphocytic infiltrate is pre-
sent. These tumors comprise 1% to 7% of all breast carcinomas and this variation de-
pends on the criteria used for diagnosis.2 These tumors are predominantly estrogen
receptor negative; however, cases that are estrogen positive have been described.66

ER positivity seems to confer a poor prognosis on these patients. Although the rate of
progesterone receptor positivity is low in these tumors, this seems to provide some
survival benefit to these patients.66 Overall, these tumors reportedly have a better
overall survival compared with IDC-NOS.66–68 However, numerous studies have docu-
mented lymph nodal involvement to significantly decrease overall survival.66,69 Also,
the size of the tumor and distant metastasis affect overall survival.66,70

At the molecular level, these tumors cluster with the basal tumors showing lack of
expression of ESR and Her-2/neu genes.42,71 However, some differences have been
reported. Compared with basal-like tumors, medullary carcinomas showed increased
expression of immune response genes, including T cell–associated genes, STAT1,
and interferon regulating genes, such as IRF1, IRF7, IRF2, IRF4, and IRF8. Also
seen was an overexpression of apoptosis-related genes such as tumor necrosis factor
(TNF) receptor genes, TNF ligand superfamilies, and TNFa-induced proteins. Under-
expressed genes included those related to maintenance of the cytoskeleton, including
actins, myosin, and tropomyosin. Compared with basal-like cancers, there is a loss of
expression of myoepithelial-related genes.71 Medullary breast carcinomas show gains
in chromosomes 1q, 8p, 10p, and 12p, which have not been reported in Basal Like
Carcinoma (BLC).72

This tumor is also seen frequently in BRCA1 mutation–related tumors, approxi-
mating 11%.
Although these tumors are triple negative and appear similar to basal-like cancers at

a glance, there are genetic/molecular differences between them, which may explain
the good prognosis associated with them.

Secretory carcinoma These tumors are identified by the presence of eosinophilic se-
cretions in intracellular vacuoles and spaces. They are extremely rare tumors and
are comprise less than 0.15% of all breast cancers. Originally described in young pa-
tients, they were termed juvenile carcinomas73; however, with subsequent identifica-
tion in adult patients, the terminology was changed to secretory carcinoma based on
the characteristic morphology of these tumors.74
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These tumors are typically slow growing with rare, if any, instances of lymph node
metastasis. Most of these cases are triple negative, although rare cases with hormone
receptor positivity have been reported. In addition, reports of these tumors document
them to be positive for basal cytokeratins, C-KIT, and EGFR.75,76 The occurrence of
these indolent tumors as triple negative highlights the increasingly recognized hetero-
geneity of this group of tumors. Chromosomal translocation (t12; 15) resulting in fusion
of ETSV6 and NTRK3 genes, although not consistently present, is considered charac-
teristic for secretory carcinoma.76,77

Adenoid cystic carcinoma Adenoid cystic carcinoma of the breast is an extremely rare
subtype and comprises about 0.1% of all breast carcinomas.2 On histology, they
mimic the adenoid cystic tumor of the salivary gland with the tumor cells resembling
epithelial-myoepithelial cells. These cells are arranged in cords and cribriform and
solid nests and are associated with eosinophilic hyaline basement membrane–like
and mucoid material. Mitoses are rare. The basal cells express basal cytokeratins,
p63, actin, calponin, and S 100, whereas the luminal cells express luminal cytokeratin,
EMA, CEA, and C-KIT. Typically, these tumors are negative for estrogen receptors and
Her-2/neu by immunohistochemistry.
Compared with IDC-NOS of similar grade, these tumors are reported to have a

significantly better prognosis and overall survival. Axillary lymph node metastasis is
rarely seen in these tumors and therefore axillary node dissection is not considered
essential.
These tumors cluster with the basal subtype by gene expression profiling. However,

there seems to be downregulation of genes involved in migration, proliferation, and in-
vasion, possibly underlying the good prognosis in these patients.42 The genomic alter-
ations seem to differ from grade-matched IDC cases. A repeated genetic abnormality
that has been detected in adenoid cystic carcinoma of both the breast and head and
neck is fusion of MYB and NFIB transcription factors, which results from t(6;9). This
abnormality has not been detected in grade-matched triple-negative breast carci-
noma cases.78–80

Ductal carcinoma in situ
Since the institution of mammographic screening for breast cancer, the diagnosis of
ductal carcinoma in situ (DCIS) has increased many fold, comprising approximately
20% of all breast carcinoma diagnoses. Although DCIS is a nonobligate precursor
of invasive carcinoma, a diagnosis of DCIS increases the risk of subsequent invasive
carcinoma 8 to 10 times. Without treatment, approximately half of the cases of DCIS
transform to invasive carcinoma.81 Traditionally, DCIS is classified by architectural
growth pattern, nuclear grade, and the presence or absence of necrosis. Nuclear
grade is considered to have prognostic significance, with DCIS of high nuclear grade
having the highest recurrence rate (reviewed in Ref.82).
The biological markers, estrogen and progesterone receptors, are positive in approx-

imately half to three-quarters of the in situ lesions and these hormone receptor–positive
cases are associated with low nuclear grade and noncomedo carcinomas.83–85 Her-2/
neu expression has been reported in 30% to 55% of DCIS and has been associated
with high nuclear grade. Provenzano and colleagues86 reported that negative status
of hormone receptors and positive Her-2 status were independent prognostic markers.
In addition, p53 protein expression has been reported in high-grade DCIS.87

Studies that have analyzed gene expression at the RNA level have identified hetero-
geneity at the molecular level in these precursor lesions. Using 392 genes to identify
the intrinsic subtypes, luminal, basal, and Her-2/neu subtypes were identified within
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the in situ lesions, which underscores the hypothesis that molecular abnormalities and
alterations are acquired early in the neoplastic process.88

In situ to invasive carcinoma: molecular pathways
Two models of progression of DCIS to invasive cancer have been hypothesized. The
first model is known as the theory of linear progression, which purports that low-grade
DCIS progresses to high-grade DCIS and then transforms to invasive cancer. The sec-
ond theory, also known as the theory of parallel disease, proposes that low-grade
DCIS transforms into low-grade invasive carcinoma and high-grade DCIS progresses
to high-grade invasive carcinoma (reviewed in Ref.89). A study by Gupta and col-
leagues90 showed that the grade of DCIS and concurrent invasive carcinoma are
correlated and this is also correlated with outcome. A more recent study by Wallis
and colleagues91 concluded that high-grade DCIS tends to recur earlier than low-
grade DCIS. Also, in their study cohort of patients with low-grade DCIS, the investiga-
tors did not identify any high-grade recurrences, metastases, or deaths. Molecular
studies also support this theory to be more likely involved in breast cancer progres-
sion. One such finding in support of this theory is that loss of chromosome 16q is
seen more frequently in low-grade DCIS, whereas allelic imbalances of 13q, 17q,
and 20q are more common in high-grade DCIS. These changes are recapitulated or
maintained in concurrent invasive lesions.92 Although these studies support the theory
of parallel disease, they also imply that these 2 pathways may not be mutually exclu-
sive, as exemplified in another study in which the investigators identified a subset of
low-grade DCIS that eventually developed into high-grade DCIS.93

The tipping point in the progression of in situ carcinoma to invasive carcinoma is char-
acterized by breach of the basement membrane and invasion of the stroma. Studies
have shown differences at the molecular level when comparing stroma surrounding
DCIS with stroma around invasive disease.94,95 Considering cases of pure DCIS versus
cases associated with invasive disease, upregulation of genes related to Epithelial
mesenchymal transition and myoepithelial cells have been reported in the epithelial
compartment of the latter compared with the epithelium of pure DCIS.96 In contrast,
the epithelial component of DCIS associated with invasive disease is very similar to
the invasive component.94,95 This similarity implies that pure DCIS might be a distinct
disease compared with DCIS associated with invasion, at the molecular level.
Although the exact pathway of progression of DCIS is still under investigation and

remains debatable, it seems that genetic/transcriptional changes in both epithelial
and stromal compartments are essential to this process.

The Cancer Genome Atlas and breast carcinoma
The Cancer Genome Atlas (TCGA) Network was founded to research tumors from
various organ systems at the genomic and epigenomic levels and subsequently pro-
vides open-access resources for breast cancer research worldwide.
Four-hundred and sixty-six breast carcinoma tumor samples were evaluated by 6

different platforms and used to identify changes in the genomic structure to provide
comprehensive information regarding the same. These methods are (1) DNA methyl-
ation, (2) gene expression (3) microRNA (miRNA) sequencing, (4) single nucleotide
polymorphism arrays, (5) exome sequencing, and (6) reverse phase protein arrays.97

The Cancer Genome Atlas and luminal carcinoma The luminal subtype of breast car-
cinoma is most diverse at the molecular level, when analyzing gene expression, mu-
tations, and copy number changes.98 The most significant findings within this
subtype were increased messenger RNA (mRNA) and protein expression of the ER
family of genes (ESR, GATA-3, FOX1A, XBP1, and cMYC).97,98 It was also noted
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that mutations of GATA-3 and FOX1A were mutually exclusive; additionally ESR1 and
XBP1 expression was increased.
One of the most frequently mutated genes in breast carcinoma is the PIK3CA gene,

identified in approximately 45% of luminal A carcinomas and 29% of luminal B carci-
nomas.97 However, although frequently mutated, subsequent markers of pathway
expression were not identified by mRNA or protein assays in luminal carcinoma.
Frequent possible inactivating mutations in MAP3K1 and MAP2K4 genes, part of
the p38/JNK1pathway, were identified.
Another frequently mutated gene in luminal breast carcinoma was the TP53 gene

(mainly missense mutations). The frequency of TP53 mutation in luminal A carcinoma
was lower at 12% compared with luminal B carcinoma (29%). Luminal B tumors also
showed associated pathway-related events such as ATM loss and MDM2 amplifica-
tion, implying that the more aggressive luminal B subtype was more significantly
affected by TP53 mutations.
RB1 gene expression wasmostly intact in luminal A tumors as shown by both mRNA

and protein expression.
The DNA hypermethylation phenotype was significantly enriched for the luminal B

subtype97; however, this group showed a lower frequency of PIK3CA, MAP3K1, and
MAP2K4 mutations. Characteristic methylation patterns were also noted in other
studies99; when examining amplifications and deletions and arms-level gains and los-
ses, characteristic 1q gain and/or 16q losses of luminal breast carcinomas was
confirmed.100,101 Protein assay analysis identified increased protein expression of
ER, PR, AR, GATA-3, BCL2, and INPP4B.97

The Cancer Genome Atlas and HER2-enriched carcinoma The TCGA study confirmed
the HER2/Her-2/neu gene amplification in the Her-2 intrinsic subtype of breast carci-
noma. Approximately 50% of the clinically Her-2–positive group clustered within the
Her-2–enriched group and the remainder clustered within the ER1 intrinsic subtype.
Those tumors which were within the HER2-enriched group showed increased expres-
sion of FGFR4, HER1/EGFR, and HER2 genes as well as other genes present within
the HER2 amplicon. In contrast, HER2-positive tumors, which clustered with the
luminal subtype, showed amplification of other luminal genes, such as GATA3,
BCL2, and ESR1. Furthermore, TP53 mutations were more frequent in the Her-2–
enriched group, whereas GATA-3 mutation was identified more frequently in the
luminal group.97

Increased frequency of PIK3CA gene mutations were noted in up to 39% of this
group.
No specific DNA methylation patterns were identified associated with this group.
Protein expression correlated with the subtypes identified, including high correlation

with Her-2 protein expression, which has been established as a clinical target.

The Cancer Genome Atlas and basal-like carcinoma High frequency of TP53 mutations
were identified in up to 80% of basal-like carcinoma and these consisted of mainly
nonsense and frameshift mutations. RB1 and BRCA1 mutations are also commonly
present in basal-like carcinomas. PIK3CA gene mutations, commonly present in
breast cancer overall, was also present in basal-like carcinoma, with a frequency of
9%; however, the impact of these mutations via downstream pathway events was
more significant in basal-like breast carcinoma compared with luminal carcinomas.
Similar gene mutations have been reported in other studies.99,102

Similar molecular abnormalities were identified between basal-like carcinoma
and ovarian serous carcinoma, including mutations inTP53, BRCA1, RB1, cyclin D1,
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cMYC genes.97 Also there were similar copy number alterations between basal-like
breast carcinoma and ovarian serous carcinoma, such as common gains of 1q, 3q,
8q, and 12p, and loss of 4q, 5q, and 8p. These common genetic abnormalities
detected in basal-like and ovarian serous carcinoma imply that these may be driver
mutations for these very aggressive tumors.

Cell-free nucleic acid analysis
Although solid tissue–based analysis has been the mainstay of breast cancer diag-
nosis, analysis of cell-free samples via interrogation of circulating miRNA and cell-
free DNA (cfDNA) in fluids including serum, plasma, urine, spinal fluid has proved
beneficial for diagnosis and prognosis of breast carcinoma.103 To this end, miRNA,
including miR-1, miR-92a, miR-133a, and miR-133b, has been found to be increased,
whereas let-7b, miR-381, miR-10b, miR-125a-5p, miR-335, miR-205, and miR-145,
among others, have been found to be downregulated in patients with breast can-
cer.104 cfDNA has also been reported to be useful for detecting PIK3CA gene muta-
tion in breast cancer,105 especially for metastatic disease. However, although a
recent meta-analysis concluded that cfDNA is a promising test in screening and diag-
nosis of breast cancer, the caveat that using population-based standardization of
test methods before clinical use would be required has been noted.106 Further
studies will help elucidate the ideal application of circulating nucleic acids in breast
cancer.

SUMMARY

The most significant contribution of molecular subtyping of breast carcinomas has
been the identification of estrogen-positive and estrogen-negative tumor subtypes.
These two entities are distinct, with differing prognoses and requiring different
therapy. Also, molecular and genetic analyses can provide prognostic information;
however, thorough histopathologic evaluation with evaluation of the predictive bio-
markers (ER, PR, and Her-2/neu) is able to provide similar information. Knowledge
of genetic alterations in these tumors will help clinicians identify novel therapeutic tar-
gets, which might have significant impact on prognosis. Understanding the progres-
sion pathways involved in the transition of in situ carcinoma to invasive carcinoma
might lead to efficient risk stratification in these patients.
The Cancer Genome Analysis Network has collected genomic and epigenomic data

across multiple interrogative platforms and tumor types to provide comprehensive in-
formation regarding carcinogenesis and pathway interactions. Prime examples are the
similarities elucidated between triple-negative breast carcinoma and ovarian serous
carcinoma. Such information improves understanding of the disease process and
also provides more accurate information toward identifying targetable mutations for
treatment.
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MOLECULAR PATHOGENESIS OF EPITHELIAL OVARIAN CANCER

Globally, ovarian cancer is the sixth most common cancer in women and ranks sev-
enth among the most lethal cancers. The estimated number of new cases yearly is
about 204,000, and there are 125,000 deaths annually.1 In the United States, there
are 22,240 new cases and 14,030 deaths from ovarian cancer annually.2

The new molecular studies led to a division of ovarian cancer into 2 types based on
clinical, pathologic, and genetic features. A dualistic model of ovarian carcinogenesis
has been proposed. Type I tumors include low-grade endometrioid, low-grade serous,
clear cell, mucinous, and Brenner tumors. The behavior of these tumors is not aggres-
sive and they are usually confined to the ovaries (International Federation of Gynecol-
ogy and Obstetrics [FIGO] stage I). The indolent progression of type I tumors reflects
their relative genetic stability and they have multiple types of somatic mutations
such as KRAS, phosphatase and tensin homolog (PTEN), BRAF, CTNNB, PIK3CA,
PPP2R1A, ARID1A, and rarely TP53.3,4 Type II tumors include high-grade serous
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carcinoma (HGSC), high-grade endometrioid, malignant mixed Müllerian tumor, and
undifferentiated carcinoma. The behavior of these tumors is more aggressive in com-
parison with type I tumors and they invade rapidly (FIGO stages II–IV). The genetic
characteristics are highly unstable and TP53 mutations are present in more than
95% of cases.5 The mutations that exist in type I are rarely found in type II; P53 mu-
tations are mostly restricted to type II.6

Type I Tumors

Low-grade serous carcinoma
Low-grade serous carcinoma (LGSC) represents a minority of ovarian serous carci-
nomas.7 The morphologic and genetic evidence support the notion that cystadeno-
mas/adenofibromas are precursors of LGSC. In this model, serous cystadenoma
progresses to an atypical proliferative serous tumor, noninvasive micropapillary se-
rous carcinoma, and finally to invasive LGSC.8

It is widely accepted that HGSC and LGSC are different type of tumors and have
distinctive characteristics. LGSCs have a strong association with serous borderline tu-
mors and express KRAS and BRAF mutations and do not express TP53 mutations,
which have a strong expression in HGSCs.9 Epidemiology studies have showed the dif-
ferences in survival, age, annual incidence, and other parameters between LGSC and
HGSC.7 These data support the distinct identity of LGSC in comparison with HGSC.

Clear cell carcinoma
The presentation of clear cell carcinoma of the ovary (Fig. 1D) is characterized by a
large adnexal mass, FIGO stage I, and highly malignant behavior. Some studies

Fig. 1. (A) Ovarian serous carcinoma. (B) Ovarian mucinous carcinoma. (C) Ovarian endome-
trioid carcinoma. (D) Ovarian clear cell carcinoma (stain: hematoxylin and eosin; original
magnification �20). (From Ahmed Q, Alosh B, Bandyopadhyay S, et al. Gynecologic cancers:
molecular updates. Clin Lab Med 2013;33(4):912; with permission.)
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suggest clear cell fibroadenoma can be a clonal precursor of clear cell carcinoma. This
evidence for this association was provided by the identical loss of heterozygosity
pattern in both clear cell fibroadenoma and clear cell carcinoma.10 In addition, there
is a well-known association between clear cell carcinoma and endometriosis.11 Retro-
grade menstruation has been suggested as a mechanism of endometriotic implants;
however, the origin of endometriosis has not been firmly established. Based on
many genetic and molecular studies, the most common genetic abnormality is an
inactivating mutation of ARID1A in 50% of tumors,4 an activating mutation of PIK3CA
in 50% of cases,12 deletion of PTEN and a tumor suppressor gene involved in the
PI3K/PTEN signaling pathway in 20%.13 In addition to these results, single nucleotide
polymorphism array analysis has established a deletion of the CDKN2A/2B locus and
amplification of the ZNF2017 locus, which identify the important role of these path-
ways in the development of clear cell carcinoma of the ovary.13

Low-grade endometrioid carcinoma
The origin of low-grade endometrioid carcinoma resembles the origin of clear cell car-
cinoma. Both develop from endometriotic cysts and are associated with implants of
endometriosis outside the ovaries.11 Intrinsic genetic abnormalities were observed
in eutopic endometrium found in patients with endometriosis.14 The genetics and mo-
lecular pathogenesis of low-grade endometrioid carcinoma are similar to the patho-
genesis of clear cell carcinoma. The mutations that affect the PI3KCA/PTEN
signaling pathway are common in low-grade endometrioid carcinoma.15 Deregulation
of the Wnt/b-catenin signaling pathway was observed in 40% of endometrioid ovarian
carcinomas. This pathway plays an important role in proliferation, motility, and sur-
vival. Abnormalities of the Wnt/b-catenin signaling pathway may rely on activation
of mutation of CTNNB1, a gene that encodes b-catenin.16 The mutation of CTNNB1
has been associated with well-known features of low-grade endometrioid carcinoma
such as squamous differentiation, low grade, and a relatively good prognosis.17–19

Mucinous carcinoma
Mucinous carcinomas are not well-understood because they are rare (3% of epithelial
ovarian cancers). Mucinous carcinomas (Fig. 1B) have a strong association with KRAS
mutations (75%). KRAS mutations have been shown in mucinous carcinomas and adja-
centmucinous cystadenomas, and inborderline tumors, supporting tumorprogression in
ovarian mucinous neoplasms.20,21 Many studies have shown that most gastrointestinal-
type tumors that involve the ovary are secondary.22 The origin of mucinous tumors and
Brenner tumors is challenging, because unlike serous, endometrioid, and clear cell tu-
mors, they do not display a Müllerian phenotype. Some researchers have suggested
that mucinous tumors have a relationship to the endocervix; the mucinous epithelium
that characterizes them more closely resembles gastrointestinal mucosa. The associa-
tion ofBrenner tumors andmucinous tumors has beenwell-recognized. A study reported
that, after extensive sectioning, mucinous cystadenomas contained foci of Brenner tu-
mor in 18% of cases.23 Frequently, mucinous tumors were associated with Walthard
cell nests, which are composed of benign transitional-type epithelium and are found
frequently in paraovarian and paratubal locations. This similarity raises the possibility
thatmucinous tumors and Brenner tumors have the same origin.24 Ovarianmature cystic
teratomas have been suggested as an origin of gastrointestinal-typemucinous tumors.25

Type II Carcinomas

Serous carcinoma
Serous carcinoma represents about 70% of ovarian malignancies.26 The epithelium of
serous carcinomas is similar to fallopian tube epithelium, especially HGSCs (Fig. 1A).
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These similarities suggest the fallopian origin of ovarian HGSC.27 In the past, the fallo-
pian tubes were not examined thoroughly because of a logical assumption that the pre-
cursors of ovarian carcinomas are in the ovaries and not in the fallopian tubes. However,
in the last few years, this idea has changed dramatically and now many researchers
believe that serous tubal intraepithelial carcinoma (STIC) may be the precursor of
HGSC, especially if this lesion is in the fimbria.8,20 Some studies show that STIC was
found in 50% to 60% of patients who have negative BRCA mutations (ie, sporadic
ovarian cancer).28–32 A gene profiling study showed that the profile of gene expression
in HGSC is more related to fallopian tube epithelium than the epithelium of the ovarian
surface.33 The identical TP53mutations in STIC and HGSC support the theory that STIC
is a precursor of HGSC.33–35 Further studies have confirmed that both HGSA and STIC
share expression of p53, p16, Rsf-1, FAS, and cyclin E1.35 HGSCs express PAX8, a
Müllerian marker, but do not express calretinin, a mesothelial marker that is seen in
ovarian epithelium.36 During ovulation, the fimbria of the fallopian tube come close to
the ovary, which may explain the implantation of fallopian epithelium onto the surface
of the ovary and cortical inclusion cyst formation. The free radical environment of ovula-
tion itself and other factors such as inflammation may play a role in ovarian carcinogen-
esis.36 This is consistent with epidemiologic studies that showed the risk of ovarian
cancers decreases with anovulation (oral contraceptive, multiparty).37,38

High-grade endometrioid carcinomas
Although low-grade endometrioid carcinomas are easily recognized, it is difficult to
distinguish between high-grade endometrioid carcinoma (Fig. 1C) and HGSC. This
similarity raises the question whether high-grade endometrioid carcinoma is a variant
of HGSC. These difficulties reflect the genetics and molecular similarities between
high-grade endometrioid carcinomas and HGSC. Low-grade endometrioid carci-
nomas have mutations that deregulate the canonical Wnt/b-catenin and PI3K/PTEN
signaling pathways and lack TP53 mutations, whereas high-grade endometrioid car-
cinomas lack Wnt/b catenin or PI3K/PTEN signaling pathway defects and frequently
have TP53 mutations.17 A few high-grade endometrioid carcinomas exhibit mutations
found in low-grade endometrioid carcinomas in addition to TP53 mutations, which
suggest that some low-grade endometrioid carcinomas may progress to high-grade
carcinomas. Similar findings have been seen in serous tumors, so the general
consensus is that low-grade and high-grade carcinomas develop independently,
but rarely does a low-grade tumor progress to a high-grade tumor. The high frequency
of TP53 mutation that occurs in both high-grade endometrioid carcinoma and HGSC
suggests that they both develop in a similar fashion and explains why high-grade
endometrioid carcinoma is closely related to HGSC.

Clinical Implications of the Dualistic Model of Ovarian Carcinogenesis

Molecular and genetics studies have led to a better understanding of the pathogenesis
of epithelial ovarian carcinomas. The old concepts regarding the origin of epithelial
ovarian carcinoma as ovarian have been changed, and these new concepts will
have many clinical implications and will help in improving early detection and manage-
ment of ovarian neoplasms.
Some researchers argue that type I tumors do not need urgent biomarker screening

tests because they are slow growing, present as a large mass when diagnosed, and
are still confined to the ovaries. They are easy to detect by pelvic ultrasonography
or pelvic examination, and responsible for about 10% of deaths from ovarian cancer.25

In contrast, type II tumors constitute 75% of ovarian cancers, account for approxi-
mately 90% of deaths from ovarian cancer,25 and are rarely confined to the ovaries
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at diagnosis. These features of type II tumors emphasize the importance of developing
a screening or biomarker test that detects very small tumors even if outside the ovary.
For type I tumors confined to the ovary, oophorectomy alone may be sufficient treat-
ment in some cases. Chemotherapy is effective if these tumors spread outside the
ovary. An understating of the pathogenesis and deregulation of signaling pathways
may lead to new medications. For instance, mutations in KRAS or BRAF may cause
activation of the MAPK signaling pathway, so it is logical to assume that MAPK kinase
inhibitors could benefit survival.
In contrast, treatment of type II tumor should start early. Early treatment depends on

the development of a new screen or biomarkers that detect the tumor at an early
stage. With the advances of molecular testing, several genomic and molecular alter-
ations have emerged in ovarian high-grade serous carcinomas, including the somatic
and germline defects in genes of the homologous recombination pathway (BRCA1,
BRCA2, and others),39 which have been implicated in cancer predisposition and
have been associated with high-sensitivity to platinum-based chemotherapies and
targeted therapies (such as PARP inhibitors).40,41

UTERINE CARCINOMAS: MOLECULAR FEATURES AND PATHOGENESIS

Endometrial carcinoma is the most common gynecologic malignancy in the United
States with 61,389 new cases and 10,920 deaths estimated in 2017.42 The dualistic
model established on morphologic basis more than 20 years ago divides endometrial
carcinoma into 2 broad subtypes, defined as types I and II. Type I carcinoma is related
to hyperestrogenism by association with endometrial hyperplasia, which usually de-
velops in perimenopausal women with frequent expression of estrogen and progester-
one receptors, whereas type II carcinoma is unrelated to estrogen, associated with
atrophic endometrium, frequent lack of estrogen and progesterone receptors, and
older age.43 Recently, 4 prognostically significant molecular subtypes of endometrial
carcinoma were recognized by The Cancer Genome Atlas group based on a combi-
nation of somatic nucleotide substitutions, microsatellite instability (MSI) and somatic
copy number alterations, namely: ultramutated (POLE), MSI, copy number low, and
copy number high subtypes.44

By histology, endometrioid and mucinous carcinomas are considered type I, and
serous and clear cell carcinomas are type II. Among these, the most frequent tumor
type is endometrioid adenocarcinoma (Fig. 2B) and they can show many histologic
variants including a villoglandular pattern, secretory changes, and squamous differen-
tiation.43 It has also been shown that molecular alterations involved in the develop-
ment of type I carcinomas are different from type II carcinoma.

Type I Uterine Carcinoma

Four main molecular genetic alterations have been described in type I uterine carci-
noma: MSI, which occurs in 25% to 30% of cases; PTEN mutations in 37% to 61%;
kRASmutations in 10% to 30%; and CTNNB1mutations with nuclear protein accumu-
lation in 25% to 38% of cases. Although MI, PTEN, or kRAS mutations may coexist in
many cases, these molecular abnormalities are not usually associated with b-catenin
alterations. Type II tumors exhibit alterations of p53, loss of heterozygosity on several
chromosomes, as well as other molecular alterations (STK15, p16, E-cadherin, and
C-erb B2).

Microsatellite instability
Microsatellite DNA sequences are short tandem repeats distributed throughout the
genome. The most common dinucleotide sequence in eukaryotes is the (CA)n repeat,
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and there are 50,000 to 100,000 (CA)n repeats in the entire human genome. The
genes responsible for MI encode proteins involved in DNA mismatch repair
(hMSH-2, hMLH-1, hPMS1, or hPMS2). Mutations of these genes alter the ability
of the cells to repair errors produced during DNA replication. Therefore, cells with
mutated mismatch repair genes replicate DNA mistakes more frequently than normal
cells.45

MSI was initially found in cancers from patients with the hereditary nonpolyposis co-
lon cancer (HNPCC) syndrome; it was also found in some sporadic tumors. EC is the
second most common neoplasm encountered in patients with HNPCC. MSI has been
detected in 75% of cases of EC associated with HNPCC but also in 25% to 30% of
cases of sporadic EC.45 Histopathologic features suggestive of HNPCC-related carci-
noma are well-characterized in the colon, but not in the uterus. However, when exam-
ining an EC in a patient less than 50 years of age or with a personal or family history of
colon carcinoma, it is important to consider the possibility of an HNPCC-related endo-
metrial carcinoma. In these cases, testing for defective DNA mismatch repair may be
performed by immunohistochemistry (MSH1, MLH2, MLH6, and PMS2 antibodies are
commercially available). Loss of MSH2 expression essentially always indicates the
Lynch syndrome and MSH6 is related to MSH2. HNPCC-related EC is predominantly
associated with MSH2 mutations and MLH6 mutations in particular. PMS2 loss is
often associated with loss of MLH1 and is only independently meaningful if MLH1 is
intact. In addition, polymerase chain reaction assays can be used to detect high levels
of microsatellite alterations (MSI), a condition that is, definitive for defective
DNA mismatch repair. This testing is performed on paraffin-embedded tissue and

Fig. 2. (A) Uterine serous carcinoma. (B) Endometrioid carcinoma. (C) Carcinosarcoma (stain:
hematoxylin and eosin; original magnification �20). (From Ahmed Q, Alosh B, Bassndyopad-
hyay S, et al. Gynecologic cancers: molecular updates. Clin Lab Med 2013;33(4):915; with
permission.)
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compares the results of tumor DNA with those of nonneoplastic tissues from the same
patient.
Although data are controversial regarding the prognostic significance of MI, it is usu-

ally associated with a high histologic grade. Patients who have HNPCC and EC have
an inherited germline mutation in MLH-1, MSH-2, MSH-6, or PMS-2 (first hit), but EC
develops only after the instauration of a deletion or mutation in the contralateral MLH-
1,MSH-2, MSH-6, or PMS-2 allele (second hit) in endometrial cells.46–48 Once the
2 hits occur, the deficient mismatch repair role of the gene (MLH-1, MSH-2, MSH-6,
or PMS-2) causes the acquisition of MSI, and the development of the tumor. In spo-
radic EC, MLH-1 inactivation by promoter hypermethylation is the main cause of
mismatch repair deficiency, which usually occurs at the precursor (atypical hyperpla-
sia) lesion. Thus, MLH-1 hypermethylation is an early event in the pathogenesis of type
I carcinoma, which precedes the development of MSI. The prognostic significance of
MI is under debate, but there is some convincing evidence suggesting an association
with favorable outcome.45–48

Phosphatase and tensin homolog
The tumor suppressor gene termed PTEN, located at chromosome10q23, encodes a
protein (PTEN) with tyrosine kinase function and behaves as a tumor suppressor gene.
PTEN has been reported to be altered in up to 83% of endometrioid carcinomas and
55% of precancerous lesions. PTEN inactivation is caused by mutations that lead to a
loss of expression and, to a lesser extent, by a loss of heterozygosity. Thus, loss or
altered PTEN expression results in aberrant cell growth and apoptotic escape. Loss
of PTEN is, furthermore, probably an early event in endometrial tumorigenesis, as
shown by its presence in precancerous lesions, and is likely initiated in response to
known hormonal risk factors. Its expression is highest in an estrogen-rich environ-
ment; in contrast, progesterone promotes involution of PTEN-mutated endometrial
cells.
Loss of heterozygosity at the PTEN region occurs in 40% of cases of EC. Somatic

PTEN mutations are also common and found predominantly in endometrioid endome-
trial carcinoma, occurring in 37% to 61% of cases. PTEN mutations have been
identified in endometrial hyperplasias with and without atypia (19% and 21%,
respectively).49

Furthermore, PTEN mutations have been detected in hyperplasias coexisting with
MI-positive EC, which suggests that PTEN mutations are early events in the develop-
ment of EC. Data are controversial regarding the prognostic significance of PTEN mu-
tations in EC, but there are some results that suggest an association with favorable
prognostic factors.50 This testing is performed on paraffin-embedded tissue, using
immunohistochemistry.

The RAS-RAF-MEK-ERK signaling pathway
The RAS-RAF-MEK-ERK signaling pathway plays an important role in tumorigen-
esis. The frequency of kRAS mutations in EC ranges between 10% and 30%. In
some series, KRASmutations have been reported to be more frequent in EC showing
MI. During tumorigenesis, activated RAS is usually associated with enhanced prolif-
eration, transformation, and cell survival. BRAF, another member of the RAS-RAF-
MEK-ERK pathways, is infrequently mutated in EC. RAS effectors like RASSF1A
are supposed to have an inhibitory growth signal, which needs to be inactivated dur-
ing tumorigenesis. RASSF1A inactivation by promoter hypermethylation may
contribute significantly to increased activity of the RAS-RAF-MEK-ERK signaling
pathway.47
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PIK3CA
Mutations in PIK3CA, which codes for the p110a catalytic subunit of PI3K, have been
described in various tumors and may contribute to the alteration of the PI3K/AKT
signaling pathway in EC. PI3K is a heterodimer enzyme consisting of a catalytic sub-
unit and a regulatory subunit.
The PIK3CA gene, located on chromosome3q26.32, codes for the p110a catalytic

subunit of PI3K. A high frequency of mutations in the PIK3CA gene has been reported
recently in EC. Mutations are located predominantly in the helical (exon 9) and kinase
(exon 20) domains, but they can also occur in exons 1 to 7. PIK3CA mutations occur in
24% to 39% of cases, and coexist frequently with PTEN mutations. Oda and col-
leagues51 described mutations in the PIK3CA gene in ECs for the first time. In this se-
ries, PIK3CAmutations occurred in 36% of cases, and coexisted frequently with PTEN
mutations. Subsequent studies have shown that PIK3CA mutations, particularly in
exon 20, are frequent in EC, and are associated with adverse prognostic factors
such as high histologic grade, myometrial invasion, and vascular invasion.

b-Catenin gene (CTNNB1)
The b-catenin gene (CTNNB1) maps to 3p21. b-Catenin seems to be important in the
functional activities of both APC and E-cadherin. b-Catenin is a component of the
E-cadherin–catenin unit, which is important for cell differentiation and maintenance
of the normal tissue architecture. b-Catenin is also important in signal transduction.52

Mutations in exon 3 of CTNNB1 result in stabilization of the b-catenin protein, cyto-
plasmic and nuclear accumulation, and participation in signal transduction and
transcriptional activation through the formation of complexes with DNA binding pro-
teins.47,53 They seem to be independent of the presence of MI, and the mutational sta-
tus of PTEN and kRAS. These mutations are believed to be homogeneously
distributed in different areas of the tumors, which suggest that they do play a role in
the early steps of endometrial tumorigenesis. Alterations in b-catenin have been
described in endometrial hyperplasias that contain squamous metaplasia (morules).
Data are controversial regarding the prognostic significance of b-catenin mutations
in EC, but they probably occur in tumors with a good prognosis.54,55

In routine practice, pathologists are faced with tumors showing mixed, morpho-
logic, andmolecular characteristics. Serous and clear cell carcinomas have been clas-
sified within the same category of type II carcinomas, based on high nuclear grade and
aggressive behavior. However, recent studies have shown that these carcinomas are
actually distinct tumor types.44 They exhibit different clinical, immunohistochemical,
and molecular features. Another controversial setting is cases between high-grade
(predominantly solid) type I and type II ECs. Distinction between these 2 types of tu-
mors is difficult; conversely, high-grade type I EC occasionally exhibits molecular al-
terations typical of type II EC such as TP53 mutations. Because of the controversial
prognostic usefulness and therapeutic modalities, MSI testing and PTEN are routinely
offered using paraffin-embedded tissue; however, the role of other molecular tests in
daily practice has yet to be elucidated.

Treatment Modalities

Recent advances in the understanding of the molecular and genetic basis of EC have
led to the development of targeted therapies that inhibit cellular signaling pathways
involved in cell growth and proliferation. Several of these targeted agents are currently
being investigated in EC. Inactivating mutations of PTEN, a tumor suppressor gene,
are found in 40% to 60% of endometrial cancers. PTEN-deficient cells are sensitive
to mammalian target of rapamycin (mTOR) inhibitors in vitro because loss of PTEN
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leads to constitutive activation of Akt, which in turn upregulates mTOR activity. Hence,
there was interest in testing mTOR inhibitors in the treatment of EC. These inhibitors
are expected to be effective in cancers like EC with PTEN mutations, PIKECA muta-
tions, and receptor tyrosine kinase-dependent activation. Combinations of mTOR in-
hibitors with hormonal therapy, chemotherapy, or other targeted therapies such as
epidermal growth factor receptor (EGFR) inhibitors and antiangiogenic agents have
been promising in the preclinical setting, and numerous trials to develop and test
such combinations are under way.

Type II Uterine Carcinoma

Type II uterine carcinomas arise in postmenopausal women, are associated with atro-
phy, and by definition are graded as high grade. These tumors are reported to have a
poor prognosis.
These include:

1. Serous carcinoma,
2. Clear cell carcinoma, and
3. Carcinosarcoma.

Uterine serous carcinoma
Uterine serous carcinomas accounting for approximately 15% of cases, approximately
50% of deaths owing to uterine carcinomas are caused by this subtype.56 This high-
lights the aggressive nature of this disease compared with the more indolent endome-
trioid carcinoma and its variants. Significant differences in survival have been reported
between stage-matched serous carcinoma and FIGO grade 3 endometrioid carcinoma;
serous carcinomas have a lower survival.56 In most cases, the tumor presents at a late
stage with extrauterine involvement possibly the underlying cause of the poor prognosis
of these tumors.57–59 The rate of recurrence even in seemingly limited disease is high
ranging from 31% to 80%.60–62 More recent data have shown that low-stage disease,
confined to the endometrium and polyp, was associated with a poor outcome.63

Even the presence of a small amount of serious histology (<10%) in an EC is reported
to have a poorer prognosis compared with pure grade 3 endometrioid carcinoma.64

Histologically, the morphology of this tumor, as described by Hendrickson and col-
leagues,65 is similar to ovarian serous carcinoma. Cytologically, high-grade nuclei
with gland formation/clefting and papillary configuration with floating tufts of
neoplastic cells make up the morphology of this tumor (Fig. 2A). It is well-
documented that uterine serous carcinomas are more common in older women66

and have been described in an atrophic background.67 Increasing evidence shows
that endometrial intraepithelial carcinoma is the precursor of uterine serous carci-
noma. This lesion is described as malignant cells lining the surface of the endome-
trium or glands without invasion.

TP53
The most common mutation seen in uterine serous carcinoma is mutations in the p53
gene. This is a tumor suppressor gene present on chromosome 17p and its activities
include cell cycle control and apoptosis. Loss of the normal activity prevents
apoptosis and promotes tumor progression.68 Mutations in this gene result in an
abnormal protein that, although dysfunctional, is more stable and can be stained by
immunohistochemistry.69 Other mutations prevent transcription of any protein and
thus show no staining by immunohistochemistry.68 These alterations have been re-
ported in about 90% of cases of serous carcinoma.68 It has been postulated that
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the hypoxic environment of atrophic endometrium promotes selection of cells, which
are able to overcome apoptosis, thereby selecting for cells that already contain p53
mutations. In addition, these mutations have also been documented in endometrial
intraepithelial carcinoma and concordant mutations occurring in the endometrial intra-
epithelial carcinoma component and concurrent serous carcinoma have also been
identified, implying that these mutations occur early in the pathogenesis of serous
carcinomas.68

Her-2/neu
The success of trastuzumab in breast cancer treatment has led to interest in assessing
this gene and its function in EC. Her-2/neu receptor is a membrane-bound tyrosine ki-
nase receptor with an extracellular ligand-binding domain, a transmembrane compo-
nent, and an intracellular component related to tyrosine kinase enzyme. Her-2/neu
gene amplification results in overexpression of the receptors with homodimerization
and ultimately in activation of the tyrosine kinase enzyme and related pathways,
resulting in increased cell proliferation.70

Variable levels of Her-2/neu protein expression and gene amplification have been
reported in uterine serous carcinomas,71 with a lack of concordance between the
two. This most likely is due to the small number of cases in each study. Higher levels
of Her-2/neu expression have been reported in African Americans with this disease
alluding to race-related biological differences affecting this tumor type.71 A relatively
poor prognosis has been attributed to tumors bearing overexpression and amplifica-
tion of Her-2/neu, including recurrence and overall survival.72,73 Although it has prog-
nostic significance, treatment with trastuzumab does not seem to confer any benefit to
these patients.

Epidermal growth factor receptor
EGFR is a transmembrane tyrosine kinase receptor (belonging to the same family as
Her-2), similarly composed of an extracellular ligand-binding domain, intracellular
tyrosine kinase activity, and a portion spanning the cell membrane. Ligands associ-
ated with EGFR are epidermal growth factor and transforming growth factor-a. Mutant
variants of EGFR, although they do not bind a ligand, have activated tyrosine kinase,
resulting in increased cell progression and inhibition of apoptosis. Although the
studies are limited in the literature, EGFR overexpression has been reported in a sig-
nificant subset of serous carcinomas, although EGFRmutations were not documented
in these cases.74,75 However, downstream PIK3CA mutations were identified in a
small proportion of these cases.75 The purpose of identifying these mutations in addi-
tion to understanding the pathogenesis of these tumors provides a foundation for new
therapeutic molecules.
Other alterations seen more frequently in serous carcinomas are p16 inactivation

and decreased E-cadherin expression.76 Mutation analyses have identified a high fre-
quency of mutations involving TP53 as expected, PPP2R1A, and PI3KCA.77

Clear Cell Carcinoma

These tumors have a distinctive histologic appearance composed of cuboidal cells
with clear or eosinophilic cytoplasm, hyalinized cores, extracellular globules, and
hyperchromatic nuclei. The cells exhibit hob nailing and are arranged in glandular
and papillary configurations (see Fig. 2B). They are often present in association with
serous carcinoma as mixed tumors. They are associated with a poor prognosis.
Meaningful studies on this tumor type have been limited because of its rarity.

Although some degree of p53 alterations are seen in clear cell carcinoma, they seem

Abdulfatah et al430

Downloaded for Anonymous User (n/a) at Wayne State University from ClinicalKey.com by Elsevier on May 22, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.



to be much less compared with serous carcinoma. Also, PTEN mutations are rare and
reported KRAS mutations are rare.78 EGFR is reported to be overexpressed.79

Carcinosarcoma (Malignant Mixed Müllerian Tumor)

These tumors comprise 2% to 5% of all ECs. Althoughmore commonly reported in the
postmenopausal age group, they have been reported in younger women who might
have undergone pelvic radiation for unrelated causes.80 Stage for stage, this subtype
has a poorer prognosis than other subtypes.81

Morphologically, these tumors are composed of carcinomatous and sarcoma-
tous components, which are intimately admixed with each other (Fig. 2C). Studies
have concluded that the 2 components are clonal. Recent studies have shown
immunohistochemical expression of p53, MSH2, and MSH6 corresponding to
epithelial and mesenchymal components, confirming the monoclonal origin of uter-
ine carcinosarcomas. Therefore, the proposal that these tumors represent meta-
plasia of the carcinomatous component into sarcomatous components is being
increasingly accepted.80,82 Chromosomal alterations were identified using compar-
ative genomic hybridization analysis. Gains were seen more commonly than losses
(85% vs 30%). The epithelial component is either endometrioid or serous, whereas
the sarcomatous component is composed of homologous or heterologous ele-
ments. Mutational analyses have subtyped carcinosarcomas into 2 categories:
the serous type with TP53 and PPP2R1A mutations and the endometrioid type
with mutations involving PTEN and ARID1A.77 As expected, p53 expression is
associated with a nonendometrioid epithelial tumor component and expression
patterns of MMR proteins, PTEN, and hormone receptors are seen in endometrioid
component carcinomas.83

MOLECULAR CLASSIFICATION OF ENDOMETRIAL CARCINOMAS

The stratification of patients with endometrial carcinoma into several risk groups is
currently based on postoperative pathologic information, including histologic type, tu-
mor grade, stage, and lymphovascular and myometrial invasion. However, high-grade
endometrial cancers cannot be reliably classified by histomorphologic criteria with
moderate to poor interobserver agreement for histotype and tumor grade.84 In addi-
tion, 8% to 10% of early stage endometrial carcinoma develops recurrence and
distant metastasis, hence the need for more reliable systems to categorize and clas-
sify endometrial carcinomas to inform clinical management.
Using a combination of whole genome sequencing, exome sequencing, MSI as-

says, and copy number analysis, The Cancer Genome Atlas group classified endome-
trial cancers into 4 prognostically significant molecular subtypes: POLE ultramutated,
MSI hypermutated, copy number low, and copy number high.
The molecular classification of endometrial carcinoma has shown great promise,

proving to be reproducible, demonstrating associations with clinical outcomes, and
providing valuable prognostic and predictive information.

POLE Ultramutated Subtype

POLE encodes the major catalytic subunits of the DNA polymerase epsilon enzyme
complex, which is involved in nuclear DNA replication and repair.85 The proofreading
exonuclease domain functions to ensure low mutation rates in replicating cells.86

POLE exonuclease domain mutations (EDM) involving 2 hotspot regions (V411L and
P286R) are identified in 5% to 8% of sporadic endometrial cancers. These mutations
reduce the proofreading activity during DNA replication and thereby contribute to a
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very high mutation burden, among the highest found in human cancers and hence
exhibit an “ultramutated” phenotype.87 POLE EDM characterize a subtype of endome-
trial carcinoma with endometrioid histology, younger age at diagnosis and higher tu-
mor grade (FIGO grade 3). These tumors also predominately exhibit normal DNA
mismatch repair (microsatellite stable) and harbor several somatic mutations involving
the PTEN (94%), PIK3R1 (65%), PIK3CA (71%), and KRAS (53%) genes.88

Clinically, patients in the POLE ultramutated group have favorable outcomes even
within the high-grade tumors.89 This could be partly explained by the high neoantigen
load and immune-rich microenvironment in tumors with POLE EDM. Testing for POLE
EDMmay help to identify a subset of endometrial carcinoma with high-grade histology
but a relatively indolent clinical course.

Microsatellite Instability (Hypermutated) Subtype

MSI, determined by a panel of 4 mononucleotide repeat loci (BAT25, BAT26, BAT40,
and transforming growth factor receptor type II) and 3 dinucleotide repeat loci (CA re-
peats in D2S123, D5S346, and D17S250), characterized this group of endometrial car-
cinomas. Most of the tumors had MLH1 promoter methylation. In addition, frequent
KRAS gene mutations were also identified.
Epigenetic/methylation events in mismatch repair have different implications on tu-

mor characteristics and clinical outcomes than germline defects. Immune environment,
intrinsic biologic behavior, and toleration of adjuvant therapy/response to cell injury
may vary significantly in these individuals. Microsatellite unstable tumors are most
commonly of endometrioid histology,with increased tendency to involve the lower uter-
ine segment, increased tumor infiltrating lymphocytes and peritumoral lymphocytic
infiltrate (Crohn-like) and are associated with increased risk of dedifferentiation.
Applying the molecular classification to endometrial carcinoma enables early iden-

tification of women who may have an inherited genetic syndrome (Lynch syndrome)
who would benefit from additional screening or interventions for other Lynch-
associated cancers or in whom specific therapies for their endometrial carcinomas
may be more effective.

Copy Number Low Subtype

Copy number was determined using Affymetrix SNP 6.0 microarrays. All tumors that
did not belong to the POLE ultramutated group were microsatellite stable and had
infrequent somatic copy number alterations were termed copy number low. Moreover,
tumors within this group had a frequency of CTNNB1 mutations. Increased progester-
one receptor expression was also noted in this group, suggesting responsiveness to
hormonal therapy.

Copy Number High Group

The copy number high cluster, which included most of the serous carcinomas and
25% of FIGO grade 3 endometrioid carcinomas, exhibited high somatic copy number
alterations and the greatest transcriptional activity exemplified by increased cell cycle
deregulation (CCNE1, PIK3CA, MYC, and CDKN2A) and TP53 mutation. The copy
number high group also had decreased levels of phospho-AKT, consistent with down-
regulation of the AKT pathway.

CELL-FREE NUCLEIC ACID ANALYSIS

Although solid tissue based analysis has been the mainstay of gynecologic diagnosis
of disease analysis of cell free samples via interrogation of circulating microRNA and
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cell-free DNA in fluids including serum, plasma, urine, and spinal fluid has proven
beneficial for diagnosis and prognosis of gynecologic diseases.90 To this end,
microRNA including miR-205 and miR-92 have been found to be increased, whereas
miR-145 and let-7f have been found to be decreased in ovarian cancer.91–93 Further-
more, miR-21, miR-27b, miR-103, and miR-155 have been found to be increased and
miR-132 and miR-320 have been found to be decreased in polycystic ovary dis-
ease,94,95 the expression of which was related to obesity in certain respects. Cell-
free DNA has also been reported to be useful in the early detection and monitoring
of gynecologic diseases including ovarian cancer96 and endometrial cancer.97,98

Further studies will help to elucidate the ideal application of circulating nucleic acid uti-
lization in gynecologic disorders.

SUMMARY

An integrated clinicopathologic and molecular classification of gynecologic malig-
nancies has the potential to refine the clinical risk prediction of patients with cancer
and to provide more tailored treatment recommendations.
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