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Preface

To do more with less... this is the great challenge for the pathology in the next
decades. Recently many patients are managed based on diagnosis performed in
small biopsies or cytology. Molecular techniques in the routine pathology are
changing paradigms as did the introduction of immunohistochemistry some decades
ago and are preferentially used on histological material. The goal of this book is to
demonstrate that most of these techniques can be easily applied to the cytological
material. In fact, cytological samples present numerous advantages over histologi-
cal material. These include the ability to check the quality of the tissue immediately
after harvesting, better preservation of RNA/DNA and the possibility of conducting
extensively genomic studies on small amounts of cytological material obtained by
fine-needle aspiration or from effusions, urine, among others. In turn, this mini-
mizes the need for more invasive procedures and allows for more frequent re-
sampling enabling monitoring of the disease along the time.

Molecular techniques in cytological samples have a wide array of applications.
Depending on the method, they can be applied for diagnosis, subtype classification,
and prognostic and predictive purposes. In this book we cover from the main aspects
of pre-analytical phase, the applications in different organs and systems, through to
the clinical integration of the results. Of course in this field of medicine knowledge
advances so rapidly that a book cannot include all the more recent discoveries.
However, the readers of this book can acquire very solid information in the different
fields of molecular cytology that allow them to follow any new finding in the field.
This book was written to the cytopathologists that even not practicing inside a
molecular lab can acquire enough knowledge in the field that allow them to discuss
the results and applications of different molecular techniques.

Now it is time to thank all those who have directly or indirectly collaborated for
this book. For you the reader, it is time to relax, open the book and enjoy!

Porto, Portugal Fernando C. Schmitt
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Why Cytology for Molecular Testing?
Pros and Cons

Lukas Bubendorf

1.1 Introduction

During the last decade, molecular pathology has grown to an important and indis-
pensable subdiscipline of pathology, since diagnosis of an increasing number of
tumor entities relies on molecular findings. At the same time, countless molecular
targets and biomarkers related to new drugs in this era of personalized medicine
have emerged requiring systematic testing in routine practice. This has been paral-
leled by rapidly evolving technical advances and testing platforms in molecular
pathology making pathology a highly dynamic field. Today, different molecular
methods such as polymerase chain reaction (PCR)-based techniques or next-
generation sequencing (NGS) for mutation analysis and fluorescence in situ hybrid-
ization (FISH) for detection of DNA copy number alterations and gene
rearrangements are in routine use in pathology laboratories. In addition, immuno-
histochemistry (IHC) has gained renewed clinical importance beyond its role to
facilitate or narrow down a specific diagnosis. IHC can also identify the presence of
therapeutic targets or surrogate markers for molecular alterations and/or be used to
prescreen specimens for subsequent molecular testing. Most of the advances in pre-
dictive biomarker testing have initially been based on studies and clinical trials that
relied on histological specimens. Accordingly, technical protocols and algorithms
for evaluation or scoring had often been established for histological specimens,
which raised the false impression that cytological specimens are not suitable for
molecular testing by nature. This misconception among pathologists and clinicians
was most prevalent in the early days of predictive marker testing and was further
reinforced by the popular but imprecise term “tissue is the issue.” Given the reality
that a variably large fraction of cancers are diagnosed by cytology alone, this nar-
row, tissue-centered view has not survived for long. Reinforcing re-interventions in
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patients despite informative cytological specimens only for the sake of possibly
obtaining histological tumor specimens would not only be irrational but also unethi-
cal. Eventually, enough evidence has accumulated showing that in principle cyto-
logical preparations are equivalent to histological specimens for diagnostic and
predictive molecular testing. One can even state that the reputation of cytology has
taken a flying leap due to its now-recognized importance in predictive marker test-
ing, not only among pathologist but also among clinicians. This is best exemplified
in the field of biomarker analyses in lung cancer where current guidelines and rec-
ommendations emphasize the utility of cytological preparations for biomarker test-
ing [1, 2]. Thus, there is no question whether or not molecular testing can be done
on cytology. Cytology contains the same cells, the same RNA, DNA, and protein
molecules as corresponding histology, yet cytological specimens have no tissue
context, usually lack a stromal component, and are processed differently, which
may require different approaches and modified protocols for molecular analysis.
These and other differences provide challenges that are discussed in the following
part of this chapter.

1.2  Little Material for Many Analyses

Most predictive molecular marker analyses need to be done from small biopsies or
cytological specimens since curative tumor resection is not therapeutic in most
patients with advanced tumors [3]. It is unrealistic to claim that a small biopsy is
better than cytology just because it is histology. In diagnostic practice, one should
not make a choice for or against cytology. Instead, it is critical to review all available
material from one patient and to select the best suited ones for the different analy-
ses. In fact, the triage and management of the available tumor material for the dif-
ferent analyses have become a new important task of pathologists and cytopathogists.
This ideally implies that one person oversees all specimens of a patient at a given
time or that cytopathologists and histopathologists at least work together very
closely.

Cytopathologists often hesitate to use unique cytological slides for molecular
testing because of legal obligations to retain diagnostic specimens. First and above
all, however, specimens need to serve the patients and not the paragraphs. Notably,
it is not necessary to destroy all evidence of a diagnostic specimen for molecular
testing. First, one can capture still images or perform virtual slides prior to molecu-
lar testing. Second, there is no need to use all cells on a specimen, as part of the slide
can easily be spared for documentation or future use. Third, in case of IHC, the cells
on a slide remain intact and can be archived in a regular way. Even FISH does not
destroy the cell nuclei, and the slides can be stored in the freezer for potential future
DNA-based testing. Finally, an efficient use of the tumor cells and/or a stepwise
molecular analysis helps to make most out of limited cytological material. Different
areas on a highly cellular cytological smear may be used for different analyses.
Thanks to the robustness of the DNA, even previously immune-stained slides are
amenable to DNA testing including FISH and mutation analysis.
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1.3  Analysis Based on Extracted DNA

Many molecular tests rely on the analysis of extracted DNA. The DNA quality in
air-dried or ethanol-fixed cytological preparations is generally superior as compared
to after formalin-fixed specimens, since formalin causes cross-linking and chemical
modification and can therefore lead to false-negative and false-positive results [4,
5]. This is one of the reasons why mutation testing from ethanol-fixed cytological
slides requires a lower minimum number of tumor cells both by traditional Sanger
sequencing (50—100 cells) and NGS (200 cells) as compared to histological speci-
mens, where at least 300-500 tumor cells are typically requested for mutation test-
ing. In fact, it appears that DNA quality/integrity is perhaps more important than the
DNA amount to obtain reliable results [4].

A minimum tumor cell proportion (TCP) is needed for mutation analysis, rang-
ing from 10% to 20% for NGS and from 30% to 40% for Sanger sequencing. If
these requirements are met, scratching off all cells from a cytological slide is equally
straightforward as scratching off a formalin-fixed and paraffin-embedded (FFPE)
tissue section for DNA extraction. In case of a lower TCP, there would be a high
change to miss heterozygous mutations due to dilution with DNA from benign cells.
Macro-dissection of areas with a high tumor cell proportion using a magnifying
glass is an option in some cases but not feasible if there is tumor cells randomly
admixed with predominating benign cells. Laser capture microdissection (LCMD)
makes it possible to utilize such challenging specimens as it guarantees a TCP of
least 80% after enrichment [6]. LCMD is particularly helpful in diagnostic cytologi-
cal specimens, where small groups of tumor cells or individual tumor cells can be
recorded for subsequent, supervised automated harvesting [7] (Fig. 1.1). In difficult
cases with a high number of admixed benign cells on cytological slides, the tumors
cells can first be flagged by IHC (e.g., TTF1 in case of pulmonary adenocarcinoma)
to guarantee precise, interactive tumor cell collection. Taken together, cytological
specimens allow to obtain high-quality DNA to test all predictive DNA mutations
now and in the future.

1.4  FISH Analysis

Historically, FISH analysis in cancer cells was first applied to cell preparations
including cell lines, and cell nuclei from human FFPE tissue blocks were dissoci-
ated prior to FISH analysis [8]. Therefore, it comes as little surprise that cytology is
an ideal format for FISH analysis [9, 10]. The cells are intact and not truncated as in
histology, so that the true number of FISH signals can be evaluated (Fig. 1.2). FISH
on cytological slides often gives a clearer picture than FISH on histological sec-
tions. For example, a heterozygous deletion is clear since there is no unspecific
background of pseudo-deletions as seen in histological sections due to lost signals
by nuclear truncation. The lack of nuclear truncation in cytology results in higher
gene or chromosome copy numbers by FISH in smears/cytospins/LBCs as com-
pared to tissue or cell block sections. Therefore, mean gene or chromosome copy
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Fig. 1.1 Laser capture microdissection (LCMD) on cytological specimens (PALM Microlaser
Technologies system). (a) Lung adenocarcinoma cells on a smear of from bronchial secretion
cytology; ethanol fixed and Papanicolaou stained, x400; (b) the same area after LCMD of the
tumor cells. (¢) Groups of lung adenocarcinoma cells and adjacent benign cells from the cellblock
of a malignant pleural effusion; hematoxylin and eosin, x200; and (d) empty areas after LCMD of
the tumor cells on a subsequent section

Fig. 1.2 Examples of FISH analysis on ethanol-fixed and previously Papanicolaou-stained cyto-
logical smears/cytospins, x1000. Compressed z-stacked images showing the projection of all FISH
signals in the intact cell nuclei. (a) Breast cancer cells with high-level HER2 gene amplification:
dense clusters of red HER2 gene signals but only few green reference signals (centromer 17). (b)
Cells of lung adenocarcinoma with ALK rearrangement: 6—8 rearranged ALK gene copies per cell
showing a single red signal without a corresponding green signal and 3—4 non-rearranged gene
copies with normal fusion signals; ALK break-apart FISH probe
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numbers determined in smears/cytospins/LBCs need to be newly established for
cytology or mathematically converted to use threshold that have been established
for histological sections, as previously shown in case EGFR gene copy number
[11]. As opposed to histology, FISH analysis of three-dimensional tumor cell aggre-
gates can be challenging due to cell and signal overlap. However, this is not critical
in case of deletions or high-level amplifications, where the relative proportion of the
signals in an area of tumor cells is more important than the actual ratio on a cell-by-
cell basis. Nevertheless, it is advised to analyze cells at the periphery of aggregates
or search for adjacent single tumor cells. Provided that appropriate protocols are
used, FISH on cytology provides brilliant results with less autofluorescent back-
ground than in histological specimens. Due to the robustness of DNA, FISH can be
applied to diagnostic cytological specimens irrespective of fixation and type of
stains. In our experience, previous May-Griinwald-Giemsa (MGG), hematoxylin
and eosin (H&E), or Papanicolaou staining does not interfere with FISH analysis.
Using pre-stained specimens allows selecting the optimal slides for FISH analysis
based on cellular content and composition. Importantly, using automated relocation
on an automated stage allow to relocate rare critical cell on a stained diagnostic slide
to clarify the nature of atypical cells (Fig. 1.3). In our hands, evaluation of atypical
cells by FISH is most helpful in the field of urinary, pancreatobiliary, and lung cytol-
ogy [10, 12]. Such analyses in rare cells or cell groups are much more challenging
in histological specimens due to change of the architecture on consecutive sections
and artificial deletion of gene and chromosome copy numbers by nuclear truncation.
It is also possible to use previously immunostained slides in case 3-amino-9-
ethylcarbazole (AEC) has been used as a red chromogen. In contrast, the brown
3,3’-diaminobenzidine (DAB), instead, causes autofluorescence that interferes with
FISH scoring. Using separate cellular areas on one slide allows two simultaneous
FISH analysis on the same slide. Moreover, the same area can be re-hybridized with
another FISH probe after the previous one has been washed off in case of limited
material.

1.5 Immunohistochemistry

Immunohistochemistry (IHC), also referred to as immunocytochemistry when used
in cytological specimens, is not a molecular method sensu stricto but still needs
consideration because IHC findings can be directly related to diagnostic and predic-
tive molecular and genetic alterations (Fig. 1.4) [13]. For example, ALK and ROS1
IHC has become standard practice to prescreen biopsy and cytology specimens for
the respective gene rearrangements in non-small cell lung cancers (NSCLC).
Similarly, there is specific antibody detecting V600OE-mutated BRAF, and CMET
IHC can be useful to prescreen for molecular MET testing regarding MET amplifi-
cation or METex15 skipping mutation [14]. Notably, the European Medical Agency
(EMA) typically prescribes a robust and well-validated methodology for predictive
biomarker testing, respectively, but does not restrict it to a particular technique or
histology. Although more data are needed, there is accumulating evidence that pre-
dictive IHC can be reliably applied to smears/cytospins/LBCs or cell blocks [15—
20]. Similarly, PD-L1 staining and estimating the percentage of positive tumor cells
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Fig. 1.3 Analysis of atypical cells by FISH after precise re-localization, Papanicolaou, x630.
Compressed z-stacked images showing the projection of all FISH signals in the intact cell nuclei.
(a) FNA of the pancreato-biliary tract showing atypical cell suspicious of adenocarcinoma. (b)
Multi-target FISH of the same cells showing normal copy numbers for chromosomes 3 (red), 17
(green), and 17 (aqua) (2 signals each) but complete loss of 9p21 (gold) proving clonality and epi-
thelial neoplasia. (c) Atypical respiratory cells from bronchial brush cytology. Papanicolaou, x600.
(d) The same cells after multitarget FISH with probes for the EGFR gene (7p12, red), the MYC gene
(8924, gold), chromosome 5 (5p12, green), and chromosome 6 (centromere, aqua) showing normal
copy numbers for all four probes (2 signals, each), being consistent benign reactive cells

Fig. 1.4 Examples of predictive IHC on cytological specimens, x400. (a) Melanoma cells
expressing V600OOE-mutated BRAF protein; cell block; VEI antibody, Spring Bioscience. (b, ¢)
IHC using Leica Bond-Max on conventional cytological specimens of lung adenocarcinomas
showing (b) rare cells of a ROS1 tumor cells with cytoplasmic staining (D4D6 antibody, cell sig-
naling) and (c) cytoplasmic and membranous PD-L1 staining (SP142 antibody, Ventana)
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to select patients for PD1/PD-L1 inhibitors appear to be feasible in cytological
preparations [3, 21, 22]. In smears/cytospins/LBC, membranous staining of tumor
cells is less distinct than in FFPE tissue/cell block sections since the cells mem-
branes are not cut but intact. Thus, staining of the horizontal cell membrane mostly
appears as a diffuse surface staining. Quantitation of PD-L1-positive immune cells
will be definitely more challenging if not impossible because of the lack of tissue
context precluding proper assessment of interface activity of PD-L1-positive
immune cells.

1.6  Diversity of Cytological Specimens

Pre-analytical variables including sample collection, triage, transportation, fixation,
and handling are important factors that can directly impact the results of molecular
testing and immunohistochemistry [23], as outlined in detail in Chap. 2. It has been
shown that optimal molecular results can be obtained from a multitude of different
cytological preparations [23, 24]. Therefore, both cell blocks and smears/cytospins/
LBCs will be recommended as equally suitable as histology for lung cancer bio-
marker molecular testing in forthcoming 2016 update of the CAP/IASLC/AMP
guideline. Pre-analytical factors are larger in number and less well defined in cytol-
ogy than in histology, and there is a lack of standardization among laboratories for
specimen collection, processing, and staining methodology [23]. Processing fresh
cytological specimens to formalin-fixed and paraffin-embedded (FFPE) cell blocks
helps to adjust cytology to tissue specimens and use the same analytical protocols,
which is particularly practical for IHC. Therefore, using cell blocks is now common
practice in cytology laboratories. Despite this advantage, it is not advised to replace
ethanol-based preparations by cell blocks altogether, as one would give away the
advantages that come with ethanol-fixed non-cell block preparations including
superior morphological details, the high DNA quality, and the brilliance of FISH
results. In addition, one should not rely on cell blocks alone for molecular analysis
of cytological specimens, since cell blocks are not always available or may not con-
tain enough tumor cells. It should also be kept in mind that there is currently more
pre-analytical variability in cellblock than in FFPE tissue specimens due to different
protocols being in use [25-30]. While fixation of tissue specimens in 10% formalin
is a worldwide standard, there is no international consensus method for cell block
preparation including different pre-fixation methods that could affect the results of
molecular testing.

1.7  Professional Opportunity for Cytotechnicians

The quality of molecular analysis highly depends on specific skills of individuals
involved in specimen selection and processing. This is also important in histology
but particularly critical in cytology, which requires special skills in cytomorphol-
ogy. This makes molecular analysis an exciting and rewarding new field of activity
for cytotechnicians. They know how to identify tumor cells and have experience in
laboratory work at the same time. Thus, cytotechnicians should embrace the
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opportunity to get involved in molecular cytology including the management of
specimens for DNA extraction or FISH analysis. Especially the younger genera-
tion among them can easily handle interactive automated procedures such as
LCMD, navigating a computer-guided automated stage for relocation of tumors
cells on the slide or high-quality imaging of selected cells for analysis and docu-
mentation. In our experience, no one is better qualified for this work than well-
trained cytotechnicians.

Conclusions

In case of advanced or recurrent cancer, incriminating surgical procedures should
be avoided whenever possible. Fine-needle aspirates or body fluids can be
obtained in a minimally invasive manner for cytological diagnosis and biomarker
analysis. Given the published evidence and personal experience, the value and
suitability of cytology specimens for comprehensive molecular marker testing
are out of question. One can even anticipate that the role of cytology for the
molecular search of targetable resistance mechanism in patients progressing
under treatment with targeted drugs will increase in the future, together with
liquid biopsies. This is not against or at the cost of histological specimens, since
all available tumor material must be taken into account in order to cover all bio-
marker needs in the best possible way. Cytopathologists cannot hide in the back
of surgical pathologists and molecular pathologists but must be familiar with the
latest guidelines, the technical tools, and the minimum requirements for molecu-
lar testing of cytological specimens.
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How to Prepare Cytological Samples
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2.1 Introduction

Molecular cytopathology, a rapidly evolving field of modern cytopathology, fea-
tures an increasing number, variety, breadth and depth of tests, which underlines the
effective interplay between genomics and cytology [1]. Challenging cases classified
as atypical or as of undetermined significance may be further stratified into high-
and low-risk groups by the demonstration of specific oncogenic mutations [2].
Moreover, by the development of personalized/precision medicine, cancer gene
testing on cytological samples from patients with surgically unresectable, high-
stage locally advanced, recurrent or metastatic malignancies is crucial [3]. Although
fine-needle aspiration (FNA) biopsy, a rapid, efficient and minimally invasive tech-
nique, and core needle biopsy (CNB) represent complementary methods to sample
superficial and deep-seated lesions, the use of FNA for gene testing is advantageous
over CNB in several respects. Despite a wide range of cytopreparations, fixation and
staining techniques, FNA have higher tumour fraction, ensure a wider sampling of
the targeted lesion and offer a better quality DNA and an effective triage for ancil-
lary studies when coupled with rapid on-site evaluation [2]. More recently, cytologi-
cal specimens have also been validated for next-generation sequencing (NGS) to
simultaneously screen different types of mutations in multiple genes and in multiple
patient samples using small amounts of input material [4].
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2.2 The Cytopathologist’s Role

The cytopathologist is responsible of those multiple actions cumulatively referred to
as pre-analytical processing (Fig. 2.1). He has to review cytopathology reports and
archived materials to select best quality smears or representative cell-block sections
to determine the cellularity and purity of the tumour sample being submitted for
biomarker testing, having the responsibility to cancel the request for molecular
assay whenever the cellularity is below the analytical sensitivity of the molecular
assay. Similar to surgical pathologists, there is a wide interobserver variation also
among cytopathologists in estimating tumour fraction, and even in the same

Review diagnostic report

Choose best quality archived
materials

Interobserver variation
among cytopathologists

Assess cellularity and purity

Quality/quantity | Quality/quantity
sufficient | | insufficient

Cancel request

Process specimen

Enrich for tumour content
according to analytic
sensitivities

Molecular testing Outside molecular pathology
in-house laboratory

Compare mutation signals with
the extent of tumour cells in
tested specimen

Integrate the molecular data in
the original diagnostic report

Fig. 2.1 Cytopathologist role in molecular testing. The cytopathologist has to review cytopathol-
ogy reports and archived materials to select the best quality sample among several preparation
types with varying suitability, having the responsibility to cancel the request for molecular assay
whenever the cellularity, even after tumour cell enrichment, is below the analytical sensitivity of
the molecular assay. Regardless of the test being performed in-house or in referral laboratories, the
cytopathologist needs to evaluate critically the results before integration in the original cytological
diagnostic report
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institution, cancellation rates vary widely among cytopathologists [5]. Care should
be taken to identify viable tumour areas in which the tumour ratio is optimal and the
percentage inflammatory cells and of potentially amplification inhibitors (such as
mucin, melanin and tumour cell necrosis) is minimal [2]. Since various mutational
assays have different analytic sensitivities, the cytopathologist (or the technician)
should enrich for tumour content to a level that is acceptable for the assay being
used. Once the results of the genotyping analysis are received, the cytopathologist
needs knowledge of the molecular diagnosis and of available treatment strategies;
on occasion, the cytopathologist may also compare the mutation signals with the
extent of tumour cells in the tested specimen, carefully evaluating the quality pro-
cesses employed to ensure confidence in the results, taking care to integrate the
molecular data in its original diagnostic report.

2.3 Test Request

As a general rule, the test request should be made appropriately to ensure that every
patient who needs a test is offered one in a timely manner while avoiding unneces-
sary procedures. The test is usually requested by the oncologists and less frequently
by other specialists, including surgeons and interventional radiologists. Ideally,
rather than by a single specialist, test request should be made multidisciplinary
(tumour board) [6]. Also in light of the increased awareness among patients and
their families of the novel technological and therapeutic opportunities, the tumour
board should ensure that the needs of a precise cytological diagnosis and of multiple
predictive assays would simultaneously be met [6]. Thus, the effective communica-
tion between the laboratory, the oncologists and the cytopathologist is crucial to
plan effective sampling strategies to ensure that adequate tissue amount is obtained
[7]. As a matter of the fact, the cytopathologist may not know whether the patient is
a candidate for surgery or for targeted therapy. Thus, the cytological sample is not
the optimal testing approach when a larger resection specimen is subsequently
available for analysis [7]. Similarly, for diagnoses made on a metastatic or recurrent
lesion, the cytopathologist should be informed whether any prior specimen of the
same patient has already been tested. Previous chemotherapy regimens can change
gene expression and mutation status and should be documented on the request form.
In some cases, patients with poor performance status may still be considered candi-
dates for testing, as clinical response without significant side effects may follow the
detection of a targetable genomic alteration [7].

Rather than on oncologist’s demand, the automatic (reflex) testing by cytopa-
thologists, based on diagnosis and tissue availability, can be more efficient. Reflex
testing avoids the costs in time and money of specimen retrieval from pathology
archives and the treatment delay for patients who are found to harbour a targetable
molecular alteration [8]. However, molecular testing is expensive, and as molecular
biomarkers are evolving rapidly over time, new targets may be identified in the
interval between diagnosis and recurrence.
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24 Thelntegrated and Standardized Cytopathology-
Molecular Report

One of the main goals for a successful multidisciplinary approach to the oncologic
patient is a clear communication between the different members of the care team.
Considering the importance of the cytological approach for the diagnosis and treat-
ment of different types of cancers, particular attention should be paid to the redaction
of the cytopathology report, the most important way of communication for the cyto-
pathologist. Besides the microscopic, morphologically based diagnosis, the cytology
specimens are increasingly tested by genetic analysis, but the incorporation of the
molecular results into the original cytopathology report is not standardized and
depends on the local practice habit. In particular, when the molecular test are per-
formed “in-house”, the results are usually incorporated as addendum to the original
microscopic diagnosis and signed out either by the original cytopathologist who
diagnosed the case or, in academic settings, together with the molecular pathologist
or the biologist who actually performed the molecular test. Conversely, when the
molecular tests are externalized, a separate report is sent back to the oncologist or
pathologist and may not be recorded or added to the cytology report. In this latter
case, the lack of integration between the microscopic and molecular cytological
diagnosis in a single, comprehensive report leaves to the requesting physician the
responsibility of the correct interpretation of these two pieces of the diagnosis.
However, the integration of cancer phenotype and genotype is not a simple exercise
of data sum-up because it provides accurate information on the biology of the tumour,
with important repercussion on the diagnostic accuracy, prognosis and treatment.
Thus, these integration efforts should be made by the cytopathologist who is aware
of the microscopy as well as of the molecular results. Moreover, the demand for a
timely and complete diagnosis is becoming increasingly common since many
tumours are now tested for a wide range of actionable mutational targets. Thus, the
availability of genetic information at the same time of the microscopic diagnosis in a
single, integrated and standardized cytopathology report allows a clearer and more
rapid communication between the cytopathologist and the oncologist [9].

2.5 Reference Laboratories

The cytopathologist may perform the molecular testing in-house, which is a fre-
quent procedure in the United States, supervising the activity of his/her Clinical
Laboratory Improvement Amendment (CLIA)-accredited intramural molecular
pathology laboratory [7]. Conversely, in Europe not all pathology departments are
equipped to run molecular testing, and a greater number of cytopathologists refer to
outside molecular pathology laboratories [10].

Processes should be established to ensure that specimens with a final cytopathol-
ogy diagnosis are sent to external molecular pathology laboratories within three
working days of receiving requests. However, in our practice, the mean time between
the oncologist’s request and specimen dispatching is nearly double the recommended
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time (5.8 working days) [10]. Noteworthy, delivery times are longer for larger-vol-
ume pathology departments than for smaller laboratories. Budget, the availability of
technical personal and reimbursement issues may be factors influencing these differ-
ences. However, once the cytopathologists are made aware of the delays in the pro-
cessing of the request and the shipping of the tumour samples, corrective actions can
be obtained [11]. The breakage of slides during transport is also a potential issue;
nonetheless, careful packing of slides can prevent this to be a serious drawback to the
use of smears.

When determining the centre to select for outside molecular testing, the cytopa-
thologist should ensure that the laboratory is accredited either at the national or at
the international level [7]. The laboratory should join external quality assurance
assessment once or twice a year; however, as only histological samples are usually
included in the proficiency testing schemes, the assessment of the quality of testing
on cytology remains problematic. It is also relevant that the laboratory staff would
include anatomic pathology-certified pathologists who verify specimen quantity
and quality and supervise specimen selection, interface with clinicians and trouble-
shoot problems [7].

The cytopathologist should be aware of the minimum tumour percentage
required by the reference laboratory to accept a specimen. While the analytic sen-
sitivity dictates the burden of tumour that must be present in the tested sample, it is
also necessary that the method used has sufficient reference range for a wide spec-
trum of mutations. The cytopathologist should control whether the reference labo-
ratory routinely microdissects samples and the method of microdissection used.
Another key issue to consider are the cytopreparation types validated and accepted
for testing [7]. Most laboratories will accept cytology cell blocks, while an addi-
tional option that has already reached widespread adoption is the use of direct
smears.

2.6 Cell Block

Formalin-fixed, paraffin-embedded (FFPE) cell blocks (CBs) were first introduced
in the early 1970s, as an aid to microscopic diagnosis, by highlighting tumour archi-
tectural organization not readily appreciated on other cytological preparations [12].
Later, CBs have traditionally been employed by cytopathological laboratories to
perform ancillary immunocytochemical stainings. CBs, similar to the traditional
histological blocks, do not require additional molecular assay validation [13]; given
the regulatory requirement for archival slides retention and the concern to use direct
smears, they represent a useful banked tissue archive [2]. As most molecular testing
clinical practice guideline panels include expert molecular histopathologists, the
use of cell-block sections is usually recommended over smears. Neutral buffered
formalin, the fixative most commonly used for tissue preservation, induces the
methylene bridging of bases and the formation of cross-links between nucleic acids
and available proteins and random polymerase errors in nucleotide incorporation,
usually being C-T or G-A transitions [14]; these sequencing artefacts mainly occur
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when the amounts of template DNA are low, as in the case of DNA obtained from
microdissected sections, and DNA treatment with Escherichia coli uracil
N-glycosylase before amplification and genotyping on shorter amplicons may be a
way to avoid artefactual mutations [14]. As far as RNA extraction is concerned,
relatively harsh conditions with the inclusion of proteinase K digestion followed by
heating steps are employed in an effort to break the methylene bridges. Even with
optimized digestion and heating steps, however, it is not possible to completely
remove all chemical modifications such as residual methyl groups from FFPE-
extracted RNA [15].

Cellularity is evaluated by examining a haematoxylin-eosin (H&E)-stained
section prepared from the cell block; thus, the percentage of tumour cells in
deeper sections of the cell block used for molecular testing is assessed in an
extrapolative fashion inferred but not actually known. When the tumour cellular-
ity is high and more than sufficient for testing, paraffin scrolls can simply be
placed directly into a tube for extraction without microdissection, and cellularity
assessment of an H&E section taken after the scrolls (postcurl section) may be
unnecessary [16]. More often, however, cell blocks feature a low tumour content
[17], and in a recent electronic survey among the members of the American
Society of Cytopathology and other pathologists, many laboratories shared dis-
satisfaction with their cell-block preparation methods [18]. In addition, across
institutions there is extreme variability in cell-block preparation techniques and
lack of uniformity with some practices including additional dedicated passes for
cellular enrichment [18]. Thus, with cell blocks with low tumour content,
unstained sections should be lined up with a corresponding tumour-mapped hae-
matoxylin-eosin-stained slide, with circled tumour-rich areas as a guide for mac-
rodissection or microdissection. Noteworthy, the standard 4-5 p cell-block
sections do not represent the entire nuclei from the cell and are likely to have
lower nucleic acid yields for molecular testing per cell than the whole cells
obtained from other non-formalin-fixed cytologic substrates [16]. Cutting extra,
unstained cell-block sections upfront to avoid refacing block would be ideal to
save as much tumour tissue as possible for molecular testing, avoiding that ancil-
lary studies are requested in a piecemeal fashion [19].

A main disadvantage of using cell blocks is the inability to assess cellularity and
adequacy at the time of procedure, because processing is not usually complete until
the following day (Table 2.1). Thus, the adequacy assessment of cell-block prepara-
tions is largely based on the rapid on-site evaluation (ROSE) performed on the cor-
responding direct smears, which may or may not be entirely representative of the
cell-block cellularity [17, 18]. Usually the cell block represents a pooled specimen
from multiple passes, and therefore the tumour cell population from high-yield nee-
dle passes are diluted by background benign elements in off-target needle passes.
This is problematic because the analytic sensitivity of molecular diagnostic assays
depends on a percentage tumour cellularity threshold, below which false-negative
results will occur (i.e. contaminating benign tissue will be negative for the molecu-
lar abnormality being tested).
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Table 2.1 Advantages and disadvantages of different cytological preparations for mutation

testing
Liquid-based
Direct smears Cell blocks cytology
Advantages High-quality DNA Diagnostic smears Eliminates the need
Visualization of malignant | preserved for slide preparation
cells Standardized for by clinicians
ROSE feasible immunostainings Material maximized
The areas of optimal Guidelines Optimal yield and
tumour/benign ratio are recommended quality of CytoLyt-
easier to find and delineate | Useful for image- derived DNA
guided procedure
Disadvantages | Additional rigorous Poor DNA quality ROSE unfeasible
validation ROSE unfeasible Pooled sample
Loss of diagnostic material | Pooled sample Suboptimal yield and
Delay due to coverslip Unsatisfactory quality of Cytorich
removal cell-block preparation Red-derived DNA
LCM may be needed method
2.7  Direct Smears

Unlike cell blocks, the additional rigorous validation for each individual molecular
assay performed on smear preparations for clinical reporting poses the biggest chal-
lenge in using these specimen preparations for ancillary studies [17]. However, when a
cell block is not available, the smears used for diagnosis are the only source of tumour
cells testable for molecular studies. As far as manual microdissection is concerned, the
direct smears are typically superior to the cell blocks, because the smeared sample is
more dispersed with a greater variation in the proportion of tumour/benign in different
areas of the slide (Table 2.1). Therefore, it is easier to find and delineate areas of tumour
enrichment on smears, even in cases with overall low tumour fraction [17].

Two are the usual methods of tissue selection either via the scraping of the smear
or by cell lifting [20]. The first procedure is carried out by a flat, single-edge scalpel
blade to collect all material into a small clump, which is pushed to a corner of the
slide. The corner of the slide is placed over the open end of an Eppendorf collecting
tube, and the scraped tissue is gently pushed into the tube with the tip of the scalpel
blade or a pipette tip. The tissue selection by cell lifting exploits the Pinpoint solution
of the Pinpoint Slide DNA Isolation System (Zymo Research) that is applied over the
selected area [21]. The quantity of Pinpoint solution required is based on the dimen-
sion of the tissue area and is calculated according to the manufacturer’s instructions.
The solution is spread evenly over the area of interest with the side of a pipette tip
and was allowed to air-dry for approximately 3045 min. After the solution is com-
pletely dry and had formed a thin blue film, the embedded tissue together with the
dried film is loosened, with a razor blade used to cut around the edge of the film. The
film is then peeled from the slide, transferred to an Eppendorf tube and centrifuged
briefly so that the tissue could be collected at the bottom of the tube [20].



18 C.Bellevicine et al.

More recently, molecular testing has been validated on DNA extracted from can-
cer cells isolated from routine smears by cell-transfer technique [22, 23]. This
method had already been employed to enable immunohistochemical stainings, and
it is based on the use of a special media (Mount Quick) commercially available
(Daido Sangyo, Tokyo, Japan). This latter is spread uniformly over the top of the
cellular material on de-coverslipped smears. After slide heating the media is hard-
ened, cut and placed in an Eppendorf tube for DNA extraction and molecular testing
[22]. This method has several advantages, being inexpensive, easily performed by a
cytotechnologist and enabling multiple analyses in selected slide areas, which can
be useful when dealing with different cancer cell population components [23].

Both alcohol-fixed and air-dried smears are suitable for the readily isolation of
reasonably stable high-quality DNA and a sound choice for long-term DNA storage,
although heat and humidity are potential problematic issues [24]. Non-cross-linking
alcoholic reagents yield superior results as RNA fixatives in comparison with alde-
hydes because they cause little chemical change and typically provide higher-quality
nucleic acids for molecular testing than do FFPE sections [15]. Most studies using
previously stained cytology smears have shown that molecular testing can be per-
formed successfully using both Diff-Quik- as well as Papanicolaou-stained slides.
However, a recent study by Killian et al. [25] suggests that Diff-Quik-stained smears
should be preferred to Papanicolaou-stained slides. While these latter featured DNA
degradation as a function of age, the Diff-Quik-stained smears provided high-
quality DNA even if archived for a prolonged period, allowing for the performance
of sophisticated molecular diagnostic studies such as high-resolution comparative
genomic hybridization assays [25]. Conversely, even more recently in a cell line-
based study, Papanicolaou-stained smears yielded optimal DNA yield and fragment
length [26]. Interestingly, several studies showed that Diff-Quik smears are as good
as cell blocks and Papanicolaou for NGS testing without significant differences in
the total number of reads, the percentage of reads mapping to the target region or the
coverage of target regions in the gene set.

Although the process of removing the coverslip of archival smears does not com-
promise the quality of the DNA isolated for molecular studies, it is time-consuming
[26]. To avoid any delay, ROSE, at the time of the FNA procedure, enables the best
triage of the sample for diagnosis and ancillary studies and the selection of a repre-
sentative slide that it is maintained uncoverslipped for immediate DNA extraction
[21]. Alternatively, da Cunha Santos et al. proposed the “freezer method” [27].
Once that the slide is frozen, a blade is used to lift off the coverslip, and after xylene
soaking, the slide can be then sent for manual microdissection. This method is very
fast and could be an important tool for molecular analysis performed on cytology
smears [28].

When most of the diagnostic cells are on a single slide, the molecular testing will
destroy the evidence of tumour cells, which might have medicolegal consequences.
To mitigate the medicolegal constraints, smears can be digitally scanned, to record
the cytomorphology of representative diagnostic microscopic fields for the archives.
In our practice we experienced that to record the three-dimensional groups and
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tissue material of variable thickness is required, the use of a z-axis scanner that
unlike whole slide imaging of histology slides is time-consuming and results in
relatively large digital image files [5].

2.8 Liquid-Based Cytology

ROSE for tumour cell adequacy is crucial to ensure that the obtained material is
sufficient and properly preserved not only for the identification of malignancy but
also for biomarker testing [2]. This can be successfully performed either by a cyto-
pathologist or by a properly trained cytotechnologist or even by a pulmonologist
[29]. Unfortunately, due to budget and staff limitation, ROSE is not always feasible
[30]. In this setting, liquid-based cytology (LBC) represents a valid alternative to
traditional cytology, avoiding the possibility that untrained clinicians may improp-
erly smear and triage the aspirated material, thus limiting artefacts [31].

The specimen is simply expelled in its entirety into an alcohol-based fixative,
such as CytoLyt (Hologic, Bedford, Massachusetts) or CytoRich Red (Fisher
Scientific UK Ltd., Loughborough, Leicestershire, England) solutions, and by pro-
prietary instruments, a cell monolayer slide is prepared [31]. In our experience,
although direct smears show a higher DNA yield and are more cell-rich than LBC
slides, the differences in adequacy and in mutant rate between the two samples are
minimal [31]. This may probably reflect the similar effect of methanol-based
CytoLyt and ethanol-based smear fixation on DNA preservation (Table 2.1).
Conversely, LBC samples fixed with CytoRich Red have shown poorer DNA pres-
ervation due to the presence of a small amount (<1%) of formaldehyde that may
cause DNA degradation and modification by the cross-linking of cytosine residues
on either strands [17]. In addition, residual material from CytoLyt samples has been
shown to feature optimal RNA integrity being suitable for nucleic acid isolation and
subsequent analysis by RT-PCR. However, RNA degradation was reported in speci-
mens stored for 12 months at room temperature, and long-term storage requires
—80 °C [15].

Several studies have described using LBC specimens for molecular analysis,
either by scraping off cells from the LBC slides or extracting DNA directly from the
rinse solution [32, 33]. In a recent survey, we reported that the referring cytopa-
thologists more frequently outsource LBC slides rather than vials to referral labora-
tories; in fact, LBC vial dispatching is unpractical as the vials are stored only for a
limited period of time with limited long-term DNA stability and often the residual
solution is not sufficient for testing [31]. In addition, the possibility of directly visu-
alizing neoplastic cells is preferable, also when comparing the mutation signals
with the extent of tumour cells in the tested slide [33]. When the low-sensitive direct
sequencing method is employed, neoplastic cell enrichment is mandatory [13];
however, manual microdissection on LBC slides is difficult, as neoplastic and non-
neoplastic components from different in- and off-target fine-needle aspiration passes
are pooled together and homogeneously distributed during processing. Laser
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capture microdissection is expensive and time-consuming and hardly feasible in
routine clinical setting [32]. Alternatively, highly sensitive molecular techniques,
such as real-time PCR methods, can be used directly on the DNA extracted from the
preservant solution of the vial, without slide preparation [31].

2.9 Fresh Cells

Fresh, unfixed cells may be processed for immediate nucleic acid extraction with
excellent results [2]. The advantage of a short acquisition time for molecular pro-
cessing is mostly required to ensure high-integrity RNA for some molecular appli-
cations such as complementary DNA (cDNA) labelling for microarray analysis and
transcriptome analysis [15]. In contrast, RT-PCR or qRT-PCR analysis for fusion
gene detection is more tolerant of partially degraded RNA because the design can
be based on an analysis of smaller regions of RNA [15]. For long-term storage,
aliquots can be frozen at 80 °C RNA later or similar RNA-stabilizing solutions and
stored in freezers [34]; fresh cells can also be stored at room temperature for months
in Whatman filter paper cards (GE Healthcare Life Sciences, Buckinghamshire,
England) [35]. This latter method is an easy, fast, inexpensive and operative-friendly
procedure and ensures high quality of nucleic acid for molecular testing, but the
amount of genetic material that can be extracted from the FTA cards is limited [36].
Moreover, the disadvantage of using fresh/frozen/FTA-collected cells is the lack of
direct microscopic examination of the tissue specimen from which the DNA/RNA
is isolated, and false negatives can commonly occur if the sample tested does not
have an adequate tumour fraction [24].

2.10 Nucleic Acid Sample Quantity and Quality Assessment

The accurate analysis of input nucleic acid sample quantity, purity and integrity is
crucial, especially on scant routine cytological samples. Several techniques should
be used in a complementary manner, as none of them, alone, can provide all the
information required to fully characterize the DNA/RNA sourced from a cytologi-
cal sample [34, 37],

Spectrophotometer analysis based on ultraviolet (UV) light absorption of a
diluted nucleic acid samples read at 260 nm and 280 nm is largely used to quantified
DNA or RNA. Between nucleic acid correlation and absorbance (A), there is a lin-
ear correlation able to predict the DNA or RNA quantity in the solution. Pure RNA
has an A260/A280 of 2.1, whereas pure DNA will have an A260/A280 of 1.8.
Currently, miniaturized automatic platforms, such as NanoDrop Spectrophotometer,
allow accurate analyses also of small sample sizes (0.5-2 pL) [37].

Fluorimetric assays represent an alternative to spectrophotometric methods [37].
The binding of fluorescent dyes to nucleic acids measures the subsequent changes
in fluorescence levels. With respect to spectrophotometry, fluorescence-based quan-
tification is more sensitive and precise and may be specific for the nucleic acid of
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interest. Since fluorometers measure fluorescence in relative rather than absolute
units, the measurement is first calibrated with a known concentration of a standard
nucleic acid solution with characteristics similar to the sample to be measured.
Following calibration, a single measurement can establish the concentration of
nucleic acid in the solution, but typically a standard curve will be required to ascer-
tain the linearity of the assay in the range measured. Automated systems such as the
Qubit 2.0 fluorometer (Life Technologies) can be used with a range of different
fluorescence-based quantification assays for the measurement of nucleic acid con-
centration in solution. The assays demonstrate a wide dynamic range for detection
and are capable of accurately analysing small samples. It is critical to observe that
the OD reading is a measure of absorption and provides a measure of quantity and
not quality or sample integrity.

Nucleic acid samples can be analysed and compared using instrumentation such
as the Agilent 2100 BioAnalyzer, Bio-Rad Experion or the last developed Agilent
TapeStation 4200 [38]. These instruments use a lab-on-a-chip approach, combining
capillary electrophoresis with fluorescent detection. The electrophoretic process
carried out on the chip is based on traditional gel electrophoresis principles that
have been miniaturized, which reduces sample consumption and separation time.
The chip (or the cartridges for TapeStation 4200 only) accommodates wells for
samples, gel and an external standard (fragment size ladder) [38]. During manufac-
turing, microchannels are fabricated in glass to create interconnected networks
among the wells. These micro-channels are then filled with a sieving polymer and
fluorescence dye. Electrodes are inserted in the wells and the chip becomes an inte-
grated electrical circuit. Charged biomolecules such as DNA or RNA are driven
through the matrix in response to a voltage gradient. Due to a constant mass-to-
charge ratio and the presence of a sieving polymer matrix, the molecules are sepa-
rated by size such that smaller fragments migrate faster than larger ones. Dye
molecules intercalate into nucleic acid strands, and these complexes are detected by
laser-induced fluorescence. Data is then translated into electronic gel-like images
and electropherograms. The informatics suites that support these instruments are
used to determine a relative integrity number (RIN) for the DNA (only TapeStation
4200) and RNA samples. Intact nucleic acid has a RIN of 10, whereas completely
degraded nucleic acid has a RIN of 1. In this way, interpretation of an electrophero-
gram is facilitated and comparison of samples is possible.

2.11 DNAInput

Reliable, consistent, robust and accurate results from molecular tests using cytologi-
cal samples will depend on standardized protocols for maximizing DNA yield and
quality, and pre-analytical variables will have a direct impact on the analysis [17].
Although very small quantities of input material can be successfully amplified
for molecular evaluation thanks to the exponential increase of target DNA via poly-
merase chain reaction, the yield of DNA is a critical pre-analytic factor that deter-
mines the success of molecular analysis. Thus, assay validation with low-input
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DNA levels is crucial to reliably process cytological samples [2, 7]. In fact, a test
that confidently detects a mutation with a specified quantity of input DNA relies on
the fact that the tested DNA contains a minimum burden of the mutation. As the
input quantity is decreased, the total mutation burden may drop below the lower
threshold of detection for the assay. Whenever the tested specimens, which do not
meet the validated input requirement, have a negative result, a disclaimer in the
molecular pathology report is needed to indicate that the analytic sensitivity of the
assay may be compromised by reduced nucleic acid input [7].

A number of variables associated with cytologic samples, including the type of
fixative, slide, mounting medium and the tissue-extraction methodology, can affect
the yield and quality of DNA. A detailed study carried out on cell lines by Dejmek
et al. [26] reported that spray or ethanol-fixed slides provide better results in terms
of DNA yield and fragment length over air-dried slides. While in these latter ampli-
con sizes of 388 bp could be consistently amplified and while amplification of a
578-bp amplicon proved to be difficult, in the spray-fixed samples, bands from the
longest 760-bp amplicon could be observed in most samples [26]. Slide type can
also have an effect on the DNA yield [20]. Clinical laboratories may use a variety of
glass slides for the routine processing of smears from aspirates. Fully frosted (FF)
slides are useful in low-cellularity aspiration samples, since their high cellular adhe-
sion capability prevents cell loss during fixation in alcohol-based fixative solutions.
Conversely nonfrosted (NF) slides have no specialized surface or coating to enhance
cellular adhesion, being used when adequate cellularity is not an issue. The posi-
tively charged (PC) slides have a specialized surface that electrostatically enhances
the adhesion of cellular material. A recent study reported a lower DNA yield for FF
slides in comparison with NF and PC, which likely reflects the difficulty in dislodg-
ing cells from the crevices of FF slides [20]. Thus, although FF slides show better
cell retention than other slides, they are more difficult to use for tissue extraction
and are not optimal for the DNA yield.

Similarly, when cells are directly scraped off from previously stained archival
direct smears and cytospin preparations by dissection, the DNA yield is higher than
that obtained by cell lifting employing the Pinpoint solution [20]. Noteworthy, a
significantly higher DNA yield was obtained with slides mounted with the low-
hazard, organic, polymer-based mounting medium EcoMount (BioCare Medical
LLC, Concord, Calif) when compared with the xylene-based mounting medium
Pertex (CellPath Ltd., Newtown, Powys, UK) [26].

2.12 Cytopathology Informatics and Bioinformatics

The management of the increasing number of data derived by the molecular tests
performed on cytopathology specimens has required the implementation of labora-
tory information systems (LIS). LIS are informatic databases used to facilitate the
workflow through the different phases of the molecular tests (pre-analytical, ana-
Iytical and post-analytical), delivering accurate and timely electronic results to the
physician who is treating the patient. The LIS can also be useful to track the
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specimens in the different parts of the laboratory. In fact, with the increased com-
plexity of information derived from a single cytology specimen, the samples could
be split to perform ancillary testing to refine the microscopic diagnosis (e.g. immu-
nocytochemistry) and to define by molecular test a treatment tailored to the patient,
avoiding time delay. The LIS can assist the pathologist to place all of the test orders
and to add supplemental results on the same cytological report. In fact, considering
the different types of available tests, multiple results are usually reported as addenda
to an original cytology diagnosis. This workflow might make it difficult for clini-
cians to manage their patients since they usually prefer to timely receive unified
reports. To this end, the LIS can be helpful to produce an integrated cytological and
molecular diagnostic report, quickly delivering it as electronic file on remote dis-
positive such as notepads or smartphones.

An increasing number of pathology laboratories are offering NGS testing on
cytology samples. In diagnostic settings, NGS is usually employed as targeted mul-
tigene sequencing to detect pharmacologically actionable mutations. However, the
“dry bench” analysis of the huge amount of sequencing data generated for each
NGS run requires different steps to reliably identify a mutation. In particular, after
the alignment of sequencing reads against the human reference genome sequence,
each base is checked to find a significant sequence alteration called variant. The
variant calls are usually performed by a bioinformatic software that allows the auto-
matic recognition of these genomic alterations. Unfortunately, when the DNA
extracted has low quality or its quantity is below the input requested by the NGS
platform employed, suboptimal NGS postsequencing metrics may be generated. In
this setting, the NGS may produce sequences that could not be adequately analysed
automatically by the software. Thus, a skilled and dedicated bioinformatician
should help the biologist to examine the sequence directly by using a genome viewer
software that allows the visual inspection of the generated reads and recognition of
clinical significant variants [39, 40].

2.13 Future Directions

As technology is advancing at rapid pace, a range of novel techniques is emerging.
In particular NGS and fully automated platforms may necessitate specific sample
requirements and dedication from cytopathologist to develop special cytoprepara-
tion protocols.

In particular, establishing the minimum number of cells needed to allow a next-
generation sequencing approach from cytology sample is a crucial point. The stud-
ies that applied NGS to cytological material had usually a retrospective design, and
only samples that featured at least 20% of neoplastic cells were selected, which may
not fully reflects current practice. In any case, sample requirement depends on target
capture, gene panel and platform types. Illumina NGS required 15,000 cells when
following hybridization capture or 5000 cells when preceded by PCR-based cap-
ture, while Ion Torrent NGS needed between 100 and 1000 cells. As far as DNA
input is concerned, Illumina NGS required from 50 to 170 ng, following
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Fig. 2.2 NGS on a direct smear. (a) Thyroid FNA diagnosed as malignant, papillary thyroid can-
cer. Note the high cellularity (direct smears, Diff-Quik staining, 20x magnification); (b) Main
metrics generated during the NGS processing. (¢) Here is reported the histogram of the distribution
of generated reads. Note that the majority of reads is distributed in the expected amplicon size
range (75-150 bp), indicating a smear featuring good-quality DNA. (d) Genomic variant
(BRAFV600E) identified by the variant caller software. (e) The BRAFV600E mutation was
orthogonally confirmed by real-time PCR

hybridization capture or 30 ng downstream of multiplex PCR. Conversely, Ion
Torrent sequencing of PCR products only needs 10 ng of DNA and precisely 12 pl
of diluted DNA at a concentration of 0.8 ng/pL. An example of direct smear from a
thyroid FNA, successfully processed by NGS, is reported in Fig. 2.2. Even more
recently, it was shown that lowering the input DNA concentration below the manu-
facturer’s recommended threshold of 10 ng (>0.8 ng/uL) is feasible leading to a
marked increase in the NGS success rate from 58.6% to 89.8% [5, 41].

More relevant than DNA input is the percentage of neoplastic cells; in a low
cancer cell background, the preferential amplification of a small number of DNA
molecules may be representative only of the benign component, leading to a false-
negative result. As a matter of the fact, most NGS assays have a lower limit of muta-
tion detection of 10%, which requires at least 20% of neoplastic cells [42]. However,
a more recent NGS approach, based on the use of narrower gene panel focused on a
limited number of targets, enables the detection of low abundant mutations with a
specificity of 100% [43].
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Fig. 2.3 Archivial DNA was extracted from a Diff-Quik-stained smear of pancreatic cancer featur-
ing 50% of neoplastic cells and a concentration of 3.57 ng per microlitre. Representative graphs of
standard RT-PCR and of Idylla are reported both showing G12R KRAS mutation

Besides NGS technological improvements, automated allele-specific real-time
PCR technology is also advancing at rapid pace. In particular, the fully automated
molecular diagnostics system Idylla (Biocartis, Mechelen, Belgium) is a fascinating
technology [44, 45]. Sample preparation is combined with PCR thermocycling and
fluorescence detection of target sequences. Without needing highly skilled staff,
within approximately 90 min, the European Community (CE) in vitro diagnostic
use (IVD) marked Idylla mutational tests can genotype relevant biomarkers.
Although, the Idylla tests were designed for use with FFPE sections, the Idylla sys-
tem can also process DNA preparations from cytological samples [46, 47]. To this
end, only 10 ng of archival DNA, directly pipetted into the cartridge, is sufficient to
obtain results in most samples (Fig. 2.3). Conversely, further technological refine-
ments are needed to process scraped cells and to better adapt the automated extrac-
tion modalities to stained cytological material.

In conclusion, the cytopathologist not only provides the specimen for molecular
diagnostics, among several preparation types with varying suitability, but also
establish when, where and how biomarker testing should be performed [10]. To this
end, modern cytotechnologists and cytopathologists should be dedicated to optimiz-
ing and standardizing cytological sample preparation methods not only for cyto-
morphology but also to preserve biomolecular integrity [3].
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Molecular Tests Use in Cytological 3
Material (Analytical Phase)

Zsofia Balogh and Philippe Vielh

3.1 Introduction

Molecular techniques are increasingly important as diagnostic, prognostic, and pre-
dictive tools in daily cytology practice. However, these techniques are only effective
when preceded by a careful morphological examination. In majority of the cases,
the neoplastic cells are readily recognized by an experienced (cyto)pathologist.
Only selected cases classified as atypical or as of undetermined significance may be
further stratified into high- and low-risk groups by the demonstration of specific
oncogenic characteristics, in order to confirm, supplement, and refine morphologi-
cal information [1]. Moreover, they may be useful in decision-making to identify
the right drug for the right patient (personalized or precision medicine) and to inte-
grate diagnosis with and provide feedback from treatment efficiency (theranostic
applications).

3.2 gPCRandRT-PCR

The abbreviation of qPCR should be used for quantitative real-time PCR, and the
RT-qPCR should be used for reverse transcription-qPCR according to the Minimum
Information for Publication of Quantitative Real-Time PCR Experiments (MIQE)
guidelines [2]. The acronym “RT-PCR” commonly denotes reverse transcription
polymerase chain reaction and not real-time PCR.
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Fig. 3.1 Polymerase chain reaction (PCR) is a technique based on amplification for DNA detec-
tion. The standard protocol involves heat denaturation at 95 °C to separate the DNA strands, lower-
ing the temperature to 50-70 °C to allow the oligonucleotide primers to hybridize (annealing) and
then increasing the temperature to 72 °C, the optimum of the DNA polymerase, for primer exten-
sion. This process is repeated cyclically, creating high number of copies of the target sequence

The real-time polymerase chain reaction (qQPCR) is a molecular technique based on
polymerase chain reaction (PCR) (Fig. 3.1). It monitors the amplification of a targeted
DNA molecule during along the reaction in “real time,” thus immediately and simul-
taneously, and not only at its end point, in contrary to the conventional PCR. Real-
time PCR may be used quantitatively, semiquantitatively, or qualitatively.

Reverse transcription polymerase chain reaction (RT-PCR) may be used for mea-
suring gene expression (Fig. 3.2). The characterization of gene expression in cells
with the measurement of mRNA levels has long been of interest, both in terms of
which genes are expressed in which tissues and at what levels, even though it has
been shown that due to posttranscriptional gene regulation events, such as RNA
interference, there is not necessarily always a strong correlation between the abun-
dance of mRNA molecules and the corresponding protein levels [3]. The measure-
ment of mRNA expression is still a useful tool in determining the activity of the
transcriptional machinery of the cells in the presence of external signals, such as drug
treatment, to compare a healthy state to a diseased state or to refine diagnosis [4—7].

Thus, on one hand, gPCR combined with RT-PCR (RT-qPCR) offers robust
approach to measure gene expression levels in biological samples. On the other
hand, the combination of PCR-based mutation detection methods with qPCR offers
sensitive techniques to detect point mutations. This information may be useful in
understanding the exact mechanism of drug resistance and cancer evolution.
Furthermore, in particular cases, when cytomorphological study alone does not pro-
vide enough certainty for a definitive diagnosis, such as for small round cell tumors,
the diagnosis can be confirmed by ancillary techniques like detection of fusion tran-
scripts, which can also be performed on cytological material [8]. The combination
of RT-PCR and fine-needle aspiration (FNA) cytology, the FNA-PCR might result
in superior sensitivity as compared to FNA cytology or ultrasound B-scan. As an
example, tyrosinase FNA-PCR has been shown to be particularly useful in the



3 Molecular Tests Use in Cytological Material (Analytical Phase) 31

AAA
mRNA .
— mmm Primer 1 primer 2
Reverse transcription ﬂ
AAA
cDNA
por []
Amplified DNA

Amplification ﬂ %

Fig. 3.2 Reverse transcription polymerase chain reaction (RT-PCR), a variant of polymerase
chain reaction (PCR), is a technique used to qualitatively detect gene expression. In RT-PCR, the
RNA template is first converted into a complementary DNA (cDNA) using a reverse transcriptase
enzyme. The cDNA is then used as a template for exponential amplification using
PCR. Abbreviations: mRNA, messenger RNA; AAA, poly-A tail

management of melanoma lesions with diameters below 10 mm [9]. Furthermore,
the quantification of PDX-1 mRNA in FNA samples may be helpful to improve the
diagnosis of pancreatic cancer [10].

3.2.1 Background

qPCR uses fluorochromes to detect the level of gene expression.

In order to amplify small amounts of DNA, the same methodology is used as in
conventional PCR using a DNA template, at least one pair of specific primers,
deoxyribonucleotides, a suitable buffer solution, and thermostable DNA poly-
merase. A substance labeled with a fluorochrome is added to the PCR mix in a
thermal cycler that contains a detector for measuring the emission of fluorescence
after the fluorochrome has been excited by a laser beam with appropriate wave-
length. The three successive steps of the PCR cycle are (1) heat denaturation of the
double-stranded DNA, (2) annealing of primers allowing them to hybridize to their
complementary sequences, and (3) strand extension catalyzed by the DNA poly-
merase. These three successive steps are repeated 35—40 times to generate 23524
copies of the target sequence [11] (Fig. 3.1). To robustly detect and quantify gene
expression from small amounts of RNA, gene transcript amplification is necessary.
For messenger RNA (mRNA)-based PCR, the RNA sample is first reverse
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transcribed to complementary DNA (cDNA) with an RNA-dependent DNA poly-
merase, also known as the reverse transcriptase enzyme. The cDNA is then ampli-
fied by PCR using non-specific (random hexamers or oligo-dT primers) or preferably
with specific primers of the target of interest.

There are two different approaches for PCR product detection in real-time PCR:
(1) real-time PCR with double-stranded (ds) DNA-binding dyes as reporters and (2)
fluorescent reporter probe method.

3.2.1.1 qPCR with dsDNA-Binding Dyes as Reporters

A non-specific intercalating fluorescent dye binds to any dsDNA product during
PCR which leads to an increase in the fluorescence intensity at each cycle. However,
dsDNA dyes such as SYBR™ Green or ethidium bromide (EtBr) will bind to all
dsDNA PCR products, including primer dimers, which are non-specific by-products
in PCR. This can hinder the accurate monitoring of the intended target sequence. The
qPCR with dsDNA dyes is prepared as usual, with the addition of fluorescent dsDNA
dye. The reaction is run in a qPCR instrument, and the fluorescent intensity is mea-
sured after each cycle; the dye only emits fluorescence when bound to the dsSDNA
(the PCR product). The advantage of this method is that it only needs a pair of prim-
ers to carry out the amplification, which keeps the costs down. However, only one
target sequence can be monitored in an assay; the reaction cannot be multiplexed.

3.2.1.2 Fluorescent Reporter Probe Method

Sequence-specific oligonucleotide DNA probes are labeled with a fluorescent
reporter molecule permitting the detection of the probe only after being hybridized
to its complementary sequence. The fluorescent reporter probe method relies on an
oligonucleotide probe attached at one end to a fluorescent reporter and at the other
end to a fluorescent quencher. The technique is based on the fluorescence resonance
energy transfer (FRET). Briefly, a reporter fluorochrome is excited and emits a spe-
cific wavelength in the absorption range of the quencher fluorochrome. The close
physical distance between the reporter and the quencher molecules prevents detec-
tion of any fluorescence. After the hybridization of the reporter probes to the com-
plementary DNA strand, the probe is broken down by the 5'—3" exonuclease activity
of the Taq polymerase. This allows the release and physical separation of the
reporter from the proximity of the quencher and thus enables the unquenched emis-
sion of fluorescence. After excitation at the required wavelength with an appropriate
laser beam, this fluorescence can be detected. At each cycle of the PCR, the increase
of the PCR product targeted by the probe therefore causes a proportional increase of
the fluorescence intensity (Fig. 3.3).

Fluorescent reporter probes detect only the DNA containing the sequence com-
plementary to the probe; therefore the detection is much more specific than with the
dsDNA-binding dyes, and this probe gives the possibility to perform the technique
even in the presence of other dSDNA. With the use of differently colored fluoro-
chromes, reporter probes can be applied in multiplex assays for monitoring several
target sequences in the same reaction. The high specificity of the probes has also the
advantage to prevent the interference of the measurements caused by primer dimers.
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Fig. 3.3 Reaction mechanism of real-time polymerase chain reaction (QPCR) based on fluores-
cent reporter probe technology. The probe is an oligonucleotide probe that has a fluorescent
reporter at the 5’ end and a quencher attached to the 3’ end. Once hybridized to the target sequence
during annealing, the probe is cleaved by DNA polymerase, which separates the fluorescent
reporter from the quencher. Once they are separated, the signal is emitted and detected in the real-
time machine. The intensity of fluorescence is proportional to the amount of PCR product pro-
duced. FRET: Fluorescence resonance energy transfer. Rapid and quantitative detection of hepatitis
B virus, Yue-Ping Liu, Chun-Yan Yao, Department of Laboratory Medicine, Southwest Hospital,
the Third Military Medical University, Chongqing 400038, China. Copyright ©The Author(s)
2015. Published by Baishideng Publishing Group Inc. All rights reserved. World J Gastroenterol.
Nov 14, 2015;21(42): 11954-11,963. Published online Nov 14, 2015. doi: https://doi.org/10.3748/
WIG.v21.i42.11954

3.2.2 Data Analysis

gPCR has the advantage that it does not need subsequent gel electrophoresis.
Furthermore, in contrast to classical end-point PCR, gPCR allows monitoring of the
target quantity at any point in the amplification process by measuring fluorescence.
A commonly performed method of DNA/RNA quantification relies on plotting fluo-
rescence intensity against the number of cycles on a logarithmic scale. A threshold
for the signal detection is usually set three- to fivefold of the standard deviation of
the noise above background. The number of cycles at which the fluorescence
exceeds the threshold is the threshold cycle (C,) [12]. During the exponential ampli-
fication phase, the target DNA quantity doubles each cycle. Over 20-40 cycles, the
amount of PCR product reaches a plateau not directly correlated with the amount of
DNA in the initial PCR mix. However, the amplification efficiency is often variable
among primers and templates. Therefore, a titration experiment with serial dilutions
of DNA template to create a standard curve is advised. The slope of the linear
regression curve is used to determine the efficiency of the amplification.

In order to quantify the level of gene expression, the C, of a target gene is sub-
tracted from the C, of the housekeeping reference gene in the same sample with the
purpose of normalizing the variation in the amount and quality of RNA between
different samples. This normalization approach is commonly known as the AC,
method [13] and has the advantage to allow the comparison of the expression of a
gene of interest among different samples. However, for such comparison, the
expression level of the reference gene must be constant across the different samples,
like a function related to basic cellular survival [12, 14]. Another reason for the
application of reference gene is to correct non-specific variation like the differences
in the quality and quantity of RNA used and the efficiency of reverse transcription.
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Thus, choosing a reference gene fulfilling this criterion is of major importance and
often challenging to find a gene showing equal levels of expression across a range
of different conditions or tissues [15]. The most commonly used reference genes are
those that code for the following enzymes: tubulin, glyceraldehyde-3-phosphate
dehydrogenase, albumin, cyclophilin, and ribosomal RNAs [16].

3.3 FISH
3.3.1 Background

Fluorescent in situ hybridization (FISH) uses (DNA, RNA, or peptide nucleic
acid—PNA) fluorescently labeled probes to target homologous nucleic acid
sequences (DNA, less frequently RNA such as mRNA, IncRNA, and miRNA) with
high degree of sequence complementarity [17]. The technique was developed in the
early 1980s [18] and is used to detect and localize the presence or absence of spe-
cific DNA sequences on chromosomes. It can assay both interphase and metaphase
nuclei. The fluorescent probes require a microscope equipped with fluorescent filter
sets and a UV source for interpretation. Another option is if the probes are labeled
with a chromogene allowing the use of a light microscope (chromogenic or silver
in situ hybridization, CISH or SISH, respectively). It is traditionally used in onco-
hematological diagnostics complementing or not karyotyping, but its application
became much broader from solid tumor analysis through prenatal diagnostics to
constitutional genetics. The main advantage of (F)ISH compared to classical karyo-
typing is that it can be performed on fixed or archived samples, such as fine-needle
aspiration (FNA) cytological samples [19-21] (Fig. 3.4), formalin-fixed paraffin-
embedded (FFPE) tissues, circulating tumor cells (CTCs) [22], frozen tissue sec-
tions, or touch preparations. Furthermore, it does not require dividing cells; therefore
it provides both prospective and retrospective information [23].

Fig. 3.4 Fluorescent in
situ hybridization (FISH)
on a fine-needle aspiration
(FNA) cytology sample
from a thyroid lesion of a
patient with follicular
carcinoma using ZytoLight
1p36 (red)/1g25 (green)
and ZytoVision probe mix
showing loss of 1p36
compared to the control
region 1925
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3.3.2 Process of Preparation and Hybridization

The basic principles of the FISH experiment to localize a gene in the nucleus are
simple: the use of a specific probe that is detectable and the hybridization of that
probe to its target (Fig. 3.5). The detection of nucleic acids relies on complementary
base pairing between the probe and the target sequences. The final step is the visu-
alization of the nucleic acid of interest by microscopy.

First, a probe is constructed or commercially prepared which may be from differ-
ent origin, such as oligonucleotide sequences, bacterial artificial chromosomes
(BAC), plasmid artificial chromosome (PAC), yeast artificial chromosomes (YAC),

Target DNA I FIEd

Denaturation ﬂ

FISH probe

Hybridization ﬂ

v e

Detection ﬂ

Nucleus with
fluorescent signals

Fig. 3.5 The basic principles of the fluorescent in situ hybridization (FISH) technique to localize
a gene in the nucleus are the following: the use of a fluorescently labeled, specific probe and the
hybridization of that probe to its target sequence
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or cosmids. The probe must be large enough to hybridize specifically with its target
but not so large as to hinder the hybridization process. The probe is labeled directly
with fluorochromes or indirectly with targets for antibodies or with biotin. Labeling
can be performed in various ways, such as nick translation, random-primed PCR, or
degenerate oligonucleotide-primed PCR (DOP-PCR) using conjugated nucleotides.
To prevent cross hybridization based on the presence of repetitive elements, the addi-
tion of COT-1 DNA or the removal of repetitive sequences of the probe is advised.

Then, an interphase or metaphase chromosome preparation is produced. The
chromosomes are firmly attached to a substrate, usually glass. Repetitive DNA
sequences must be blocked by adding short fragments of DNA to the sample. The
probe is then applied to the chromosome DNA and incubated between 4 and 16 h
while hybridizing. Several wash steps remove all non-hybridized, partially hybrid-
ized, or non-specifically hybridized probes to reduce the background noise. The
results are then visualized and quantified using a microscope that is capable of
exciting the dye and recording images.

3.3.3 Data Analysis

Different sort of probes may be applied according to the type of chromosomal alter-
ations (Fig. 3.6): (1) numerical aberrations can be detected by (a) centromeric
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Fig. 3.6 Different FISH probe designs and their interpretation. SC single color, DC double color,

and TC triple color




3 Molecular Tests Use in Cytological Material (Analytical Phase) 37

(a-satellite) probes specific to highly repetitive juxtacentromeric heterochromatin to
preferentially observe gains and losses of entire chromosomes (aneusomies) and (b)
locus-specific probes targeting a region of interest used to test gene duplications,
amplifications, or deletions (probe mixes may be single, dual, or triple color depend-
ing on the presence or absence of centromeric or other controls); (2) structural aber-
rations such as chromosomal translocations or inversions (a) break apart, or split
(translocation) probes are used for identifying chromosomal translocations of genes
which have unknown or a large number of possible translocation partners (e.g.,
KMT2A gene with more than 80 already identified translocation partners) and (b)
“fusion” translocation probes (single fusion, double fusion, and extra signal probes)
are used for detecting chromosomal translocations in case both translocation part-
ners are known and characteristic for a tumor entity.

Finally, it is also possible to combine immunohistochemistry (IHC) with FISH to
increase sensitivity and specificity of the reaction or to apply alternative methods
combining fluorescent immunophenotyping and ISH.

3.4 Sequencing
3.4.1 DNA Sequencing

Sequencing is a technique to determine the primary structure of an unbranched
biopolymer, resulting in a symbolic linear depiction called the sequence. DNA
sequencing is the process of determining the order of nucleotides in a given DNA
fragment.

Most classical DNA sequencing has been performed using the Frederick Sanger’s
method, known as the chain termination method. This technique applies sequence-
specific termination of DNA synthesis by modified nucleotide molecules (Fig. 3.7).

Chain termination sequencing is initiated by using a short oligonucleotide primer
complementary to the template at a specific site on the template DNA. The oligo-
nucleotide primer is extended by an enzyme that replicates DNA, the

130 140 150
CCGGTTCACCATCT CCAGAGACAAT TCC

Fig. 3.7 Sanger sequencing. Part of the immunoglobulin gene (Ig) heavy-chain variable domain
(IgVy) sequence of a patient with chronic lymphocytic leukemia with increased prolymphocytes
(CLL/PL)



38 Z.Balogh and P. Vielh

DNA-dependent DNA polymerase. In the presence of the primer, the DNA poly-
merase, the reaction contains also the four deoxynucleotide bases, along with a low
concentration of a chain-terminating nucleotide (commonly dideoxynucleotide).
Limited incorporation of the chain-terminating nucleotides results in a series of
related DNA fragments that are terminated only at positions where that particular
nucleotide is used. The fragments are then size-separated by electrophoresis in a gel
or more commonly in a capillary filled with a polymer.

An alternative method, called the dye-terminator sequencing, has the major
advantage that the complete sequencing set can be performed in a single reaction,
rather than the four needed with the previous approach. Thus, each of the dideoxy-
nucleotide chain terminators is labeled with a separate fluorescent dye emitting
fluorescence at a different wavelength. A problem related to this technique may be
that it can produce uneven data peaks with different heights due to template-
dependent difference in the incorporation of the large dye chain terminators.
However, this problem has been minimized with the introduction of new enzymes
and dyes that minimize incorporation variability [24]. The use of this technique for
the vast majority of sequencing reactions is changing rapidly due to the increasing
cost-effectiveness of second- and third-generation systems (Illumina, Roche,
Thermo Fisher Scientific, and others).

3.4.2 RNA Sequencing

RNA is less stable in the cell than DNA and also more prone to breakdown by nucle-
ases. As the RNA molecules are generated by transcription from DNA, this infor-
mation is already available in the cell’s DNA code. However, by sequencing RNA
molecules, it is possible to reach additional of information. While DNA sequencing
gives the genetic profile of the cells, RNA sequencing reflects only the sequences
that are actively expressed at a given moment. In order to sequence RNA, the usual
method is first to reverse transcribe the RNA extracted from the sample to produce
cDNA fragments. These cDNA fragments can be sequenced as described previously
(Fig. 3.8). Most of the RNAs expressed in cells are ribosomal RNAs or small RNAs
which are most often not in the focus of the study. This RNA fraction can be removed
from the RNA extract in vitro to enrich for messenger RNA which is usually in the
scope of interest. Derived from exons, these mRNA molecules are later translated to
proteins that support cellular functions. Thus, the expression profile of the cells
indicates cellular activity, particularly desired in the studies of diseases, cellular
behavior, and response to treatments or stimuli. RNA sequencing is used to analyze
the continuously changing cellular transcriptome; specifically, this method facili-
tates the ability to look at alternative gene spliced transcripts, posttranscriptional
modifications, gene fusions, mutations, SNPs, and changes in gene expression [25].
In addition to mRNA transcripts, RNA sequencing may provide information about
different RNA populations, such as total RNA and small RNAs, like miRNA, tRNA,
and ribosomal RNA [26]. The technique can also be used to determine exon/intron
borders and verify previously annotated borders. As reverse transcription of RNA
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Fig. 3.8 A typical RNA-Seq experiment. Briefly, long RNAs are first converted into a library of
cDNA fragments through either RNA fragmentation or DNA fragmentation. Sequencing adaptors
(blue) are subsequently added to each cDNA fragment, and a short sequence is obtained from each
cDNA using high-throughput sequencing technology. The resulting sequence reads are aligned
with the reference genome or transcriptome and classified as three types: exonic reads, junction
reads, and poly(A) end-reads. These three types are used to generate a base-resolution expression
profile for each gene, as illustrated at the bottom; a yeast ORF with one intron is shown (Reprinted
with permission from Nature Publishing Group. Zhong Wang, Mark Gerstein, and Michael Snyder.
RNA-Seq: a revolutionary tool for transcriptomics Nat Rev. Genet. 2009 Jan; 10(1): 57-63. doi:
https://doi.org/10.1038/nrg2484. License N°: 3956491042838)

into cDNA has been shown to introduce biases and artifacts that may interfere with
proper characterization and quantification of RNA transcripts, single-molecule
direct RNA sequencing technique is developed; thus RNA molecules are sequenced
directly in a massively parallel manner without RNA to cDNA conversion [27].
Fusion genes caused by different structural modifications of the genome have
gained attention because of their relationship with cancer [28]. As RNA sequencing
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has the advantage to analyze a sample’s whole transcriptome in an unbiased man-
ner, it makes this technique an attractive tool to find fusion genes related to different
kinds of cancer [25].

3.4.3 Large-Scale Sequencing

Whereas the above-described sequencing techniques are used to analyze limited
sized fragments, separate related terms are used when a large portion of the genome
is sequenced. There are platforms developed to perform exome sequencing, thus to
analyze a subset of all DNA across all chromosomes that encode genes, or whole
genome sequencing, which is the sequencing of all nuclear DNA of a human.

3.5 Next-Generation Sequencing (NGS)

At the moment of the appearance of next-generation sequencing (NGS) techniques,
platforms were capable to serve only for large-scale applications, focused on whole-
genome sequencing, with protocols, consumable costs, and a turnaround time
unsuitable for the needs of diagnostic laboratories. With the development of minia-
turized technology by benchtop NGS sequencers, test costs decreased, moving NGS
from a few large sequencing core centers to a method widely available in individual
diagnostic laboratories. Currently, most pathology departments are equipped with a
NGS benchtop sequencer; thus NGS will soon be adopted broadly as a tool for
molecular diagnostics, including cytological samples.

The fundamental difference between second- and third-generation sequencing
platforms to the first-generation Sanger sequencing is to analyze hundreds of mil-
lions of clonally amplified DNA sequences simultaneously in a parallel manner, as
compared to a one amplified DNA segment per capillary, per reaction approach
(Fig. 3.9). The term next-generation sequencing applies to genome sequencing,
transcriptome profiling (RNA sequencing), DNA-protein interaction analysis (ChIP
sequencing), and epigenome characterization [29].

In the past couple of years, numerous NGS-based methods for genome analysis
have emerged leading to the discovery of a large number of new mutations and
fusion transcripts in cancer. RNA sequencing data could help researchers interpret-
ing “personalized transcriptome” so that it will help in understanding the transcrip-
tomic changes, ideally identifying driver mutations causing a disease. However, the
feasibility of this technique is dictated by the costs in terms of time and money.

MicroRNA sequencing, a type of RNA sequencing, is the use of next-generation
sequencing or massively parallel high-throughput sequencing to sequence microR-
NAs, also called miRNAs. MicroRNA sequencing differs from other forms of RNA
sequencing in that input material is often enriched for small RNAs. This technique
enables to examine tissue-specific expression patterns, disease associations, and dif-
ferent isoforms of miRNAs and to discover previously uncharacterized miRNAs.
The fact that dysregulated miRNAs play a role in disease development and
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Fig. 3.9 Workflow of conventional versus second-generation sequencing. (a) With high-throughput
shotgun Sanger sequencing, genomic DNA is fragmented and then cloned to a plasmid vector and
used to transform E. coli. For each sequencing reaction, a single bacterial colony is picked and plasmid
DNA isolated. Each cycle sequencing reaction takes place within a microliter-scale volume, generat-
ing a ladder of ddNTP-terminated, dye-labeled products, which are subjected to high-resolution elec-
trophoretic separation within 1 of 96 or 384 capillaries in one run of a sequencing instrument. As
fluorescently labeled fragments of discrete sizes pass a detector, the four-channel emission spectrum
is used to generate a sequencing trace. (b) In shotgun sequencing with cyclic-array methods, common
adaptors are ligated to fragmented genomic DNA, which is then subjected to one of several protocols
that results in an array of millions of spatially immobilized PCR colonies or “polonies.” Each polony
consists of many copies of a single shotgun library fragment. As all polonies are tethered to a planar
array, a single microliter-scale reagent volume (e.g., for primer hybridization and then for enzymatic
extension reactions) can be applied to manipulate all array features in parallel. Similarly, imaging-
based detection of fluorescent labels incorporated with each extension can be used to acquire sequenc-
ing data on all features in parallel. Successive iterations of enzymatic interrogation and imaging are
used to build up a contiguous sequencing read for each array feature (Reprinted with permission from
Nature Publishing Group. Shendure J, Ji H. Next-generation DNA sequencing. Nat Biotechnol. 2008
Oct;26(10):1135-45. doi: https://doi.org/10.1038/nbt1486. License N°: 3956460603963)
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progression, such as cancer, has positioned miRNA sequencing to potentially
become an important tool for helping diagnostics and prognostics [30-32].

Regardless of the specific features of any single platform type, the NGS work-
flow is composed of four consecutive steps: (1) the generation of a short fragment
DNA library, (2) single fragment clonal amplification (emulsion PCR; see below),
(3) massive parallel sequencing, and (4) sequencing data analysis [33].

3.5.1 Emulsion or Droplet Digital PCR: A Tool for Single
Fragment Clonal Amplification

Emulsion PCR, also known as droplet digital PCR (ddPCR), is a method for per-
forming digital PCR that is based on water-oil emulsion droplet technology. A sam-
ple is fractionated into 20,000 droplets, and PCR amplification of the template
molecules occurs in each individual droplet. ddPCR technology uses reagents and
workflows similar to those used for most standard assays. The key difference
between ddPCR and traditional PCR lies in the method of measuring nucleic acid
amounts. ddPCR, similarly to traditional PCR, carries out a single reaction within a

»
'

Fig. 3.10 Next-generation sequencing technologies that use emulsion PCR. (a) A four-color
sequencing by ligation method using Life/APG’s support oligonucleotide ligation detection
(SOLIiD) platform is shown. Upon the annealing of a universal primer, a library of 1,2-probes is
added. Unlike polymerization, the ligation of a probe to the primer can be performed bidirection-
ally from either its 5'-PO4 or 3’-OH end. Appropriate conditions enable the selective hybridization
and ligation of probes to complementary positions. Following four-color imaging, the ligated
1,2-probes are chemically cleaved with silver ions to generate a 5'-PO4 group. The SOLiD cycle
is repeated nine more times. The extended primer is then stripped, and four more ligation rounds
are performed, each with ten ligation cycles. The 1,2-probes are designed to interrogate the first (x)
and second (y) positions adjacent to the hybridized primer, such that the 16 dinucleotides are
encoded by four dyes (colored stars). The probes also contain inosine bases (z) to reduce the com-
plexity of the 1,2-probe library and a phosphorothioate linkage between the fifth and six nucleo-
tides of the probe sequence, which is cleaved with silver ions. Other cleavable probe designs
include RNA nucleotides and internucleosidic phosphoramidates, which are cleaved by ribonucle-
ases and acid, respectively. (b) A two-base encoding scheme in which four dinucleotide sequences
are associated with one color (e.g., AA, CC, GG, and TT are coded with a blue dye). Each template
base is interrogated twice and compiled into a string of color-space data bits. The color-space reads
are aligned to a color-space reference sequence to decode the DNA sequence. (¢) Pyrosequencing
using Roche/454’s Titanium platform. Following loading of the DNA-amplified beads into indi-
vidual PicoTiterPlate (PTP) wells, additional beads, coupled with sulfurylase and luciferase, are
added. In this example, a single type of 2’-deoxyribonucleoside triphosphate (INTP)—cytosine—
is shown flowing across the PTP wells. The fiber-optic slide is mounted in a flow chamber, enabling
the delivery of sequencing reagents to the bead-packed wells. The underneath of the fiber-optic
slide is directly attached to a high-resolution charge-coupled device (CCD) camera, which allows
detection of the light generated from each PTP well undergoing the pyrosequencing reaction. (d)
The light generated by the enzymatic cascade is recorded as a series of peaks called a flowgram.
PPi, inorganic pyrophosphate (Reprinted with permission from Nature Publishing Group. Michael
L. Metzker. Sequencing technologies—the next generation. Nature Reviews Genetics 11, 31-46
(January 2010)ldoi:https://doi.org/10.1038/nrg2626. License N°: 3956470943742)
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sample; however, the sample is separated into a large number of partitions, and the
reaction is performed in each partition individually. This separation allows a more
reliable collection and sensitive measurement of nucleic acid amounts. The method
is routinely used for clonal amplification of samples for NGS [34] (Fig. 3.10).

The different sequencing techniques are summarized and compared in Table 3.1.

3.5.2 454 Pyrosequencing

The technique amplifies DNA inside water droplets in an oil solution (emulsion
PCR), with each droplet containing a single DNA template attached to a single
primer-coated bead that then forms a clonal colony. The technique relies on the
detection of pyrophosphate release during nucleotide incorporation. Pyrosequencing
uses luciferase enzyme to generate light for detection of the individual nucleotides
added to the growing DNA strand, and the combined data are used to generate
sequence readouts [35] (Figs. 3.10 and 3.11).
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Table 3.1 Comparison of different sequencing techniques

Single
read
accuracy
Method Read length (%) Reads per run Advantages | Disadvantages
Sanger 400-900 bp 99.9 N/A Long More expensive,
sequencing individual requires more
reads time, and
complicated for
larger projects
Pyro 700 bp 99.9 1 million Fast. Long Expensive runs.
sequencing read size Homopolymer
errors
Illumina MiniSeq, 99.9 MiniSeq/MiSeq, High Expensive
sequencing | NextSeq, 1-25 million; NextSeq, | sequence equipment.
75-300 bp; 130-260 million; yield Requires high
MiSeq, HiSeq2500,300million— | potential concentrations
50-600 bp; 2 billion; HiSeq 3/4000 of DNA
HiSeq 2500, 2.5 billion; HiSeq X,
50-500 bp; 3 billion
HiSeq 3/4000,
50-300 bp;
HiSeq X,
300 bp
SOLiD 50+35or 99.9 1.2—-1.4 billion Low cost per | Slower than
sequencing | 50 + 50 bp base other
techniques.
Troubles with
palindrome
sequences
Ton Torrent | 400 bp 98 80 million Fast. Less Homopolymer
sequencing expensive errors
equipment
Single- 10,000 bp to 87 500-1000 megabases | Longest read | Expensive
molecule 15,000 bp avg.; length. Fast. | equipment.
real-time maximum read Detects 4mC, | Moderate
sequencing | length >40,000 5mC, 6mA throughput
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3.5.3 lllumina (Solexa) Sequencing

The method is based on reversible dye-terminator technology and engineered poly-
merases [36]. Thus, DNA molecules and primers are first attached on a slide or flow
cell and amplified with polymerase so that local clonal DNA colonies, so-called
DNA cluster, are formed. To determine the sequence, four types of reversible termi-
nator bases are added, and non-incorporated nucleotides are washed away. A cam-
era takes images of the fluorescently labeled nucleotides. After, the dye, together
with the terminal 3’ blocker, is removed from the DNA chain, allowing for the next
cycle to begin. Unlike pyrosequencing, the DNA chains are extended one nucleotide
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Fig. 3.11 The 454 pyrosequencing approach. Pyrosequencing as a tool for better understanding
for human microbiomes, José F. Siqueira, Jr., Ashraf F. Fouad, and Isabela N. Rog¢as: Department
of Endodontics and Molecular Microbiology Laboratory, Dental School, Estacio de S4 University,
Rio de Janeiro, RJ, Brazil; Department of Endodontics, Prosthodontics and Operative Dentistry,
Dental School, University of Maryland, Baltimore, MD, USA Copyright © 2012 José F. Siqueira
et al. J Oral Microbiol. 2012; 4: https://doi.org/10.3402/jom.v4i0.10743. Published online 2012
Jan 23. doi: https://doi.org/10.3402/jom.v4i0.10743

at a time, and image acquisition can be performed at a delayed moment, allowing
for very large arrays of DNA colonies to be captured by sequential images taken
from a single camera. Decoupling the enzymatic reaction and the image capture
allows an optimal throughput and a theoretically unlimited sequencing capacity
(Fig. 3.12).
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Fig.3.12 Overview of DNA next-generation sequencing using the Illumina platform. First, DNA
is fragmented into smaller input-sized fragments by enzymes or by sonication. The ends of these
fragments are repaired, and specific adapters are ligated to the ends of the fragments, allowing
hybridization to a flow cell. An amplification step (bridge amplification) is performed to create a
“cluster” of fragments with the same sequence. One strand of DNA is removed, and fluorescently
labeled nucleotides are passed by each cluster. An image of the flow cells is recorded for each cycle
and a computer processes which nucleotide was incorporated at each cluster’s coordinates. The
fluorescent label is cleaved, and the next round of fluorescently labeled nucleotides is passed by
each cluster. Again, the nucleotide is recorded, and each cycle leads to the sequence of each frag-
ment (a “read”). These reads are then aligned to a reference genome sequence. By merging short
reads together, it is therefore possible to reconstruct the unfragmented original sequence [37]
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3.5.4 SOLiD Sequencing

The method is based on sequencing by oligonucleotide ligation. Thus, a pool of all
possible oligonucleotides of a fixed length is labeled according to the sequenced
position. Oligonucleotides are annealed and ligated by DNA ligase for matching
sequences result in a signal informative of the nucleotide at that position. Before
sequencing, the DNA is amplified by emulsion PCR. The resulting beads, each
containing a single copy of the same DNA molecule, are deposited on a glass slide
(Fig. 3.10). This method has been reported to face difficulties when sequencing
palindromic sequences [38].

3.5.5 lonTorrent Semiconductor Sequencing

The system is based on using standard sequencing chemistry but with a novel,
semiconductor-based detection system. In contrast to the traditional optical detec-
tion, this method measures the hydrogen ions that are released during DNA polym-
erization. A microwell containing a template DNA strand to be sequenced is flooded
with a single type of nucleotide. If the nucleotide is complementary to the template,
it is incorporated into the growing strand. The reaction causes the release of a hydro-
gen ion that triggers the sensor. In case a homopolymer repeat is present in the
template sequence, multiple nucleotides will be incorporated in a single cycle. This
will lead to the release of an equal number of hydrogen ions and a proportionally
higher electronic signal [39] (Fig. 3.13).

3.5.6 Single-Molecule Real-Time Sequencing (Pacific
Biosciences)

This is the first commercially available sequencer which is able to sequence single
molecules in real time. It is also capable to exceed read length greater than 1 kb
(Fig. 3.14).

3.5.7 Cytological Implementation of NGS

A recent study shows that endoscopic ultrasound FNA cytology genotyping repre-
sents a suitable surrogate and may complement the conventional stratification crite-
ria in decision-making for therapies, and targeted NGS may guide future
biomarker-driven therapeutic development in pancreatic adenocarcinoma [40].
Another study on thyroid lesion shows that molecular testing provides great prom-
ise in reducing the diagnostic uncertainty of cytologically indeterminate thyroid
nodules, as it is one of many factors that contribute to the overall probability of
malignancy for a patient. Accordingly, the decision to use ancillary molecular test-
ing, the selection of the appropriate molecular test, and the interpretation of its



48 Z.Balogh and P. Vielh
! \

454 pyrosequencing l ‘ lon Torrent sequencing

DNA fragment

DNA capture on beads

Emulsion amplification and
substrate attachement

ATGGCCTTTATCG ATGGCCTTTATCG
ATAGC ATAGC
A N #N
/ A H+ A

Nucleotide detection
N ooa l
Light I
v

A

Homopolimer repeat detection ATGGCCTTTATCG
AAATAGC

V772AN

H+H*+ H+ A

Fig. 3.13 Comparison of 454 pyrosequencing and Ion Torrent semiconductor sequencing. Both
454 pyrosequencing and Ion Torrent sequencing immobilize DNA fragments onto beads. In both
platforms, template molecules are first immobilized on a bead which is emulsified so that subse-
quent amplification can occur clonally within the droplet. After clonal amplification, enrichment
for DNA-positive beads is performed. Enriched beads are deposited at the bottom of a well, and
sequencing is performed by flowing one base at a time over the templates. 454 pyrosequencing
uses a cascade of reactions resulting from pyrophosphate being released from each incorporation
reaction, which leads to a photon being emitted by the enzyme luciferase. Whereas in Ion Torrent,
an incorporation event is measured by a pH change from the release of protons resulting from the
incorporation. In Ion Torrent sequencing, if homopolymer repeats of the same nucleotide are pres-
ent (AAA), multiple hydrogen ions will be released, generating a higher electrical signal. This is
subsequently interpreted as multiple identical nucleotides being present in the sequence [37]

results should always be performed within the context of cytological, clinical, and
ultrasonographic findings [41].

Data generated by NGS technologies have a pivotal role in precision medi-
cine. These high-throughput techniques are preferentially performed on fresh
tissue, but there is an increasing need for protocols adapted to materials derived
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Fig. 3.14 Real-time sequencing. Pacific Biosciences’ four-color real-time sequencing method is
shown. (a) The zero-mode waveguide (ZMW) design reduces the observation volume, therefore
reducing the number of stray fluorescently labeled molecules that enter the detection layer for a
given period. These ZMW detectors address the dilemma that DNA polymerases perform optimally
when fluorescently labeled nucleotides are present in the micromolar concentration range, whereas
most single-molecule detection methods perform optimally when fluorescent species are in the
pico- to nanomolar concentration range. (b) The residence time of phospholinked nucleotides in the
active site is governed by the rate of catalysis and is usually on the millisecond scale. This corre-
sponds to a recorded fluorescence pulse, because only the bound, dye-labeled nucleotide occupies
the ZMW detection zone on this timescale. The released, dye-labeled pentaphosphate by-product
quickly diffuses away, dropping the fluorescence signal to background levels. Translocation of the
template marks the interphase period before binding and incorporation of the next incoming phos-
pholinked nucleotide (Reprinted with permission from Nature Publishing Group. Michael
L. Metzker. Sequencing technologies—the next generation. Nature Reviews Genetics 11, 31-46
(January 2010)ldoi:https://doi.org/10.1038/nrg2626. License N°: 3956500798445)

from formalin-fixed paraffin-embedded tissues and stained cytology specimens
[42]. The work performed by Piqueret-Stephan et al. shows that the quality of
DNA extracted from routinely processed cytological smears is compatible with
a multi-target sequencing of a large series of genes of interest with methods
such as array-based genomic analysis and whole-exome sequencing [43]. With
the application of NGS, a deeper understanding of disease, genome instability,
and intra-tumor heterogeneity, will allow us to reach greater therapeutic preci-
sion [44-46].

The majority of mutation detection assays used for solid tumor profiling use
DNA sequencing to interrogate somatic point mutations because they are rela-
tively easy to identify and interpret. Many cancers, however, including high-
grade serous ovarian, esophageal, and small-cell lung cancer, are driven by
somatic structural variants that are not measured by these assays. Therefore,
there is currently an unmet need for clinical assays that can cheaply and rapidly
profile structural variants in solid tumors. Low-cost, shallow, whole-genome
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sequencing is emerging as a promising clinical sequencing strategy for struc-
tural variant-driven tumors. Furthermore, algorithmic advances are improving
sequencing efficiency by extracting additional information from existing
sequencing assays [47].

3.6 Others

3.6.1 Comparative Genomic Hybridization (CGH) and Array
Comparative Genomic Hybridization (aCGH)

Comparative genomic hybridization (CGH) is a molecular cytogenetic technique
for analyzing copy number variations (CNVs) relative to ploidy level of a test sam-
ple compared to a reference sample, without the need for culturing cells [48]. The
advantage of this method is to quickly and efficiently compare two genomic DNA
samples arising from two sources, which are most often closely related, because it
is suspected that they contain differences in terms of either gain or losses of either
whole chromosomes or sub-chromosomal regions (Fig. 3.15). CGH is only able to
detect unbalanced chromosomal abnormalities. This is because balanced chromo-
somal abnormalities, such as reciprocal translocations, inversions, or ring chromo-
somes, do not affect copy number, thus what is detected by CGH technique. CGH
does, however, allow for the exploration of all human chromosomes in a single
experiment and the discovery of deletions and duplications, which may lead to the

Image acquisition
Normal cell Tumor cell

Red Green

Amplification

Deletion (
In situ

Labeled DNA Labeled DNA hybridization Normal chromosome Analysis

Fig. 3.15 Comparative genomic hybridization (CGH). DNA samples isolated from normal and
tumor tissue are fluorescently labeled and hybridized to normal male chromosomes. With the mea-
surement of the green to red fluorescent intensity ratios along the axis of each chromosome, the
regions of amplifications and deletions of the tumor sample can be identified
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identification of candidate genes to be further explored by other molecular cytologi-
cal methods [49]. Through the use of DNA (oligonucleotide) microarrays together
with CGH method, the more specific form of array CGH (aCGH) has been devel-
oped, allowing for the locus-by-locus analysis of CNVs with an increased resolu-
tion of 100 kb [50].

3.6.2 SNP Array

The basic principles of single-nucleotide polymorphism (SNP) array are the same
as the DNA microarray. These are the convergence of DNA hybridization, fluores-
cence microscopy, and solid surface DNA capture. The three mandatory compo-
nents of the SNP array are (1) an array containing immobilized allele-specific
oligonucleotide probes, (2) fragmented nucleic acid sequences of target which is
labeled with fluorescent dyes, and (3) a detection system that records and interprets
the hybridization signal. The SNP chips are generally described by the number of
SNP positions they assay. Two probes must be used for each position to detect both
alleles; if only one probe was used, experimental failure would be indistinguishable
from homozygosity of the non-probed allele.

SNP array is a useful tool for detecting slight variations between whole
genomes. The most important applications of SNP arrays are the determination
of disease susceptibility and the measurement of the efficacy of drug therapies.
SNP array can also be used to generate a virtual karyotype to determine the copy
number of each SNP on the array and then align the SNPs in chromosomal order.
Furthermore, SNP is a valuable tool to study genetic abnormalities in cancer,
such as to search for loss of heterozygosity (LOH). LOH occurs when one allele
of a gene is mutated in a damaging way and the normally functioning allele is
lost. LOH develops commonly during oncogenesis, frequently with the involve-
ment of tumor suppressor genes. Other array-based techniques, such as compara-
tive genomic hybridization, can detect genomic gains and losses leading to
LOH. SNP arrays, however, have the additional advantage of allowing the detec-
tion of copy-neutral LOH, such as uniparental disomy and gene conversion.
Copy-neutral LOH is a form of allelic imbalance. In copy-neutral LOH, one
allele or a whole chromosome from a parent is missing, resulting in the duplica-
tion of the other parental allele, which might be pathological and often involved
in imprinting disorders.

3.6.3 Combined SNP and CGH Array

While only SNP arrays enable the detection of copy number-neutral regions of
LOH, they have limited ability to detect single-exon CNVs due to the distribution of
SNPs across the genome. Thus, combining SNP probes and exon-targeted array
CGH into one platform provides clinically useful genetic screening in an efficient
manner [51]. The technique is also commercially available.
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3.6.4 NanoString Method

NanoString’s nCounter technology is a variation of DNA microarray. It uses molec-
ular “barcodes” and microscopic imaging to detect and count up to several hundred
unique transcripts in one hybridization reaction. Each color-coded barcode is
attached to a single target-specific probe corresponding to a gene of interest.
Advantages of the tool are the reproducibility, sensitivity, and low background sig-
nal and also that NanoString does not require amplification of target molecules.
Disadvantages are the up-front cost of the necessary instruments and that at least
three probes should be used per potential target, which would greatly increase cost
and reduce the maximum multiplexing of the technology. NanoString represents a
middle ground between quantitative PCR and other hybridization microarray tech-
nologies [52].

3.7 Perspectives

Molecular techniques complementing cytomorphology are increasingly used for
diagnostic, prognostic, predictive, and theranostic purposes. The cytopatholo-
gist’s involvement and coordination in this rapidly evolving field are crucial for
the effective implementation of molecular tools in our present and future cytologi-
cal practices [53-56]. Similarly to the initial application of immunocytochemical,
flow, and static cytometric techniques, pathologists should know the basic prin-
ciples, main applications, and pitfalls of molecular methods in order to use them
timely.
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4.1 Molecular Cytology Applications in the Salivary Gland
4.1.1 Background

Salivary gland FNA is one of the most challenging areas of cytopathology due to (1)
the extraordinary diversity of both benign and malignant salivary gland tumors
(SGT), particularly with the recognition of several new entities during the past
decade; (2) the cytomorphologic overlap between many benign and malignant SGT;
(3) the spectrum and heterogeneity of microscopic features within the same tumor;
and (4) the rarity of many SGT [1]. Nonetheless, FNA can play an important role in
the evaluation of salivary gland lesions, and is reported to have a relatively high
sensitivity (86-98%) for detecting carcinoma, and high specificity (>90%) for dif-
ferentiating benign and malignant tumors [1-4]. The overall high diagnostic accu-
racy is linked to the fact that the majority of SGT are pleomorphic adenoma (PA),
Warthin tumor (WT), or high grade (HG) carcinomas including metastatic carci-
noma to intra- and peri-parotid lymph nodes, for which the cytologic diagnosis is
usually straightforward. However, the accuracy is more variable when cytology is
used to specifically subtype a neoplasm (48-94%) and to determine its grade [1-4].
Even in the hands of an experienced cytopathologist and despite cellular adequacy,
indeterminate diagnoses with descriptive reports are given in about 1/3 of parotid
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gland FNAs [5]. This creates a clinical dilemma for patient counseling, risk stratifi-
cation, and surgical planning (i.e., type and extent of surgery), and highlights the
role of ancillary studies as a possible alternative to repeat FNA. It is important to
keep in mind that the most important role of salivary gland FNA is to distinguish
neoplastic from non-neoplastic lesions, and when neoplastic, benign and LG SGT
from HG SGT and metastases, in order to guide the clinical management efficiently.
Thus, ancillary studies for salivary gland FNAs must be used judiciously in this
context. Traditionally, immunohistochemical markers were of limited value for
solving diagnostic problems in SGT, primarily because they lacked specificity as
many SGT have a similar composition of epithelial and myoepithelial cells with
overlapping immunochemical profiles. However, the discovery of several novel
immunohistochemical markers and specific translocations for SGT has resulted in
greater diagnostic usefulness [6-8].

4.1.2 Ancillary Studies in Salivary Gland Cytology

Different methods (described in Chap. 3) including immunocytochemistry (ICC),
fluorescence in situ hybridization (FISH), reverse transcription-polymerase chain
reaction (RT-PCR), and next generation sequencing (NGS) can be successfully
applied to FNA material to improve the diagnostic accuracy for SGT [6—12]. Most
of these methods can be readily integrated into the diagnostic workflow particularly
as they become more widely available, cost-effective, and efficient with respect to
turnaround time. While many of the immunocytochemical and molecular tech-
niques can be applied to a variety of cytologic preparations including alcohol-fixed
and/or air-dried smears, cytospins, and liquid-based preparations, their application
to formalin-fixed paraffin-embedded cell block material is probably most reliable
[12]. Cell blocks also have an advantage for selected cases where a panel of ancil-
lary studies will be anticipated (see below) [12]. Rapid on-site evaluation of a sali-
vary gland FNA can be very useful to ensure that adequate material is collected and
processed appropriately for the purposes of performing ancillary studies. This may
require separate dedicated FNA pass(es).

4.1.3 Translocations and Fusion Oncogenes
in Salivary Gland Tumors

Over the past decade, new SGT have been recognized and new molecular alterations
and immunoprofiles have been described for some tumors [6-8, 13—15]. The SGT
currently known to harbor recurrent genetic alterations are summarized in Table 4.1.
With advances in molecular diagnostics including whole-genome sequencing, it is
certain that other SGT as well as additional molecular alterations will join this list
in the near future. Although some of these gene rearrangements can be found in
tumors and tumor analogues from other organs, they are highly specific in the spec-
trum of SGT, representing powerful diagnostic markers in surgical specimens as
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Table 4.1 Benign and malignant salivary gland tumors associated with characteristic chromo-
somal alterations

Most common recurrent | Most common genes Prevalence
Salivary gland tumor chromosomal alteration | involved (%)
Benign
Pleomorphic adenoma t(3;8)(p21;q12) PLAGI, CTNNBI, 50-60

LIFR, others

12q14-15 HMGA2 10
Basal cell adenoma LOH/mutation 8q12 CTNNB1 52
nonmembranous type
Basal cell adenoma LOH/mutation 16q12-13 | CYLD 75-80
membranous type
Malignant
Mucoepidermoid t(11;19)(q21-22;p13) or | MAML2, CRTCI, 60-80
carcinoma t(11;15)(q21;q26) CRTC3
Adenoid cystic carcinoma | t(6;9)(q22-23;p23-24) MYB, NFIB 28-86
Mammary analogue t(12;15)(p13;q25) ETV6, NTRK3 90-100
secretory carcinoma
Hyalinizing clear cell t(12;22)(q13;q12) EWSRI, ATF1 85
carcinoma
Carcinoma ex pleomorphic | Same as pleomorphic Same as pleomorphic
adenoma adenoma adenoma
Basal cell adenocarcinoma | Same as basal cell Same as basal cell

adenoma adenoma
Polymorphous low-grade PRKD] mutation PRKDI 73
adenocarcinoma PRKD gene family PRKDI, PRKD2, 10

rearrangements PRKD3, ARIDIA or

DDX3X

Cribriform PRKD gene family PRKDI, PRKD2, 80
adenocarcinoma of minor rearrangements PRKD3,ARIDIA or
salivary glands DDX3X

well as FNA material [6—15]. The absence of a given rearrangement, however, may
not exclude a particular SGT as its prevalence varies significantly between different
entities and studies (Table 4.1). Although an understanding of their precise role in
the carcinogenesis of certain SGT is still evolving, these translocations and result-
ing fusion oncoproteins typically target transcription factors involved in various
growth factor signaling pathways and cell cycle regulation [14, 15]. Therefore, in
addition to their diagnostic role, they may also represent prognostic markers and
therapeutic targets [14, 15].

4.1.3.1 Pleomorphic Adenoma and Carcinoma

Ex Pleomorphic Adenoma
PA the most common SGT of all sites in both adults and children, representing about
60% of all SGT and up to 75-80% of parotid gland tumors [16]. About 3—4% of PA,
especially when recurrent or left untreated, transform over time into a malignant
tumor known as carcinoma ex pleomorphic adenoma (Ca-ex-PA). FNA is highly
accurate in diagnosing PA, but diagnostic difficulties may arise in: (1) cellular
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specimens with sparse or absent matrix; (2) lesions with hyaline globules or adenoid
cystic-like areas; (3) lesions with squamous and/or mucinous metaplasia; and (4)
lesions with focal cytologic atypia [1, 8]. Cytogenetically, 50-60% of PA have a
translocation t(3;8)(p21;q12) involving PLAG/ and one of several other fusion part-
ners, the most common being CTNNBI, the gene encoding f-catenin [17-20].
Besides PLAGI, approximately 10% of PA have rearrangements in 12q13-15
involving HMGA?2 [16, 21, 22]. HMGAZ2 can be amplified or rearranged with fusion
of WIFI or other gene partners [21, 22]. This phenomenon is often accompanied by
MDM?2 amplification, which may contribute to the malignant transformation of PA
[16,22]. Within SGT, the PLAGI and HMGA?2 gene rearrangements are present only
in PA and Ca-ex-PA and have not been found in any other SGT. A subset of Ca-ex-PA
also shows mutations of p53 gene (TP53) and amplification of HER2/neu gene which
may also play an important role in the progression of Ca-ex-PA, especially of ductal
type, and may represent a prognostic and predictive marker [23-25].

4.1.3.2 Mucoepidermoid Carcinoma

MEC is the most common malignant SGT, in both adults and children, representing
approximately 5-10% of SGT [16]. The cytology of MEC is variable cytology depend-
ing upon the grade of the tumor [1]. It is important to distinguish between LG-MEC
and HG-MEC due to major differences in the management and in the prognosis with
90% and 40% five-year survivals, respectively. LG-MEC accounts for about 80% of all
MEC and is the most common cause of a false negative cytologic diagnosis, being
often wrongly diagnosed as a retention cyst (mucocele) [1, 4, 26]. This is due to the fact
that LG-MEC is often cystic, aspirates are hypocellular, and may yield only cyst con-
tents with scant epidermoid cells and isolated mucinous cells that can be misinterpreted
as histiocytes or muciphages. Therefore, any residual solid mass following initial aspi-
ration of a cystic lesion should be reaspirated, and a cell block preparation can be very
valuable as it may provide diagnostic elements and/or material for ancillary techniques.
The presence of lymphocytes and/or oncocytic cells is also a common feature in MEC
that can mimic several other SGT such as WT [1]. An oncocytic variant of MEC has
been described and may be difficult to distinguish from other SGT with oncocytic
features such as WT, oncocytoma, and AciCC (see below). In contrast to LG-MEC,
HG-MEC is characterized by more markedly atypical cells, usually with a predomi-
nance of epidermoid cells and intermediate cells and with scant mucinous cells, mak-
ing it potentially difficult to distinguish from other HG carcinomas [1].

A specific translocation t(11;19) (q14-21;p12-13), involving MECT1 (mucoepi-
dermoid carcinoma translocated-1 or CRTCI1) gene at 19p13 and MAML2
(mastermind-like 2) gene at 1121, has been reported in approximately 60-70% of
MEC [27-31]. The fusion transcript was found to disrupt the Notch signaling path-
way [27]. Expression of the fusion transcript is preferentially found in LG-MEC as
well as in a few cases of LG-MEC that have progressed to HG-MEC [32]. The pres-
ence of this translocation is also associated with fewer recurrences, metastases, and
tumor-related mortality [27-31]. The translocation is considered to be a reliable
diagnostic and prognostic biomarker for MEC (Fig. 4.1). Nevertheless, a subset of
WT with mucinous or squamoid metaplasia have been found to harbor the
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Fig. 4.1 Mucoepidermoid
carcinoma. Fluorescent in
situ hybridization (FISH)
showing rearrangement of
the MAML?2 locus
(separation of red and
green signals)

CRTC1-MAML2 fusion and may thus represent MEC or MEC arising in a back-
ground of WT (so-called “Warthin-like MEC”) [33]. CRTC3, another member of
the CRTC gene family, may also be fused to MAML?2 in approximately 6% of
MEQC, and is also associated with a favorable prognosis [34, 35].

4.1.3.3 Adenoid Cystic Carcinoma

Adenoid cystic carcinoma (AdCC) represents approximately 10% of all SGT, and
most frequently involves middle-aged women [16]. It typically has a relentless clin-
ical course but with frequent recurrences, late onset of metastasis, and usually a
fatal outcome [16]. AACC can be divided into three histological subtypes, tubular,
cribriform, and solid, and most tumors display features of more than one of these
morphologic patterns [16]. Tumors with a predominantly cribriform and tubular
growth pattern have a better prognosis than those with a more solid growth pattern
[16]. Cytologically, a subset of AACC, especially the solid subtype, can be difficult
to distinguish from other basaloid or matrix producing tumors such as PA, basal cell
adenoma (BCA), basal cell adenocarcinoma (BCAd), epithelial-myoepithelial car-
cinoma, and polymorphous low-grade adenocarcinoma (PLGA), due to the lack of
characteristic matrix (see below) [1, 36, 37].

AdCC is characterized by the specific translocation t(6;9), involving MYB and
NFIB, in approximately 64% of cases (28-86%) (Fig. 4.2a) [38—43]. Furthermore,
both MYB and NFIB overexpression occurs in most AdCCs including those with-
out the MYB-NFIB fusion, suggesting that other molecular mechanisms may be
involved. MYB is a transcription factor with well-known oncogenic capabilities,
involved in proliferation, survival, and differentiation, with many target genes such
as MYC, Bcl2, and c-KIT. Several other cytogenetic changes and frequent altera-
tions of genes involved in chromatin regulation, Notch, Rho, and several other sig-
naling pathways have been reported in AACC [44]. Interestingly, genomic deletions
in chromosome 6 (6q24.1q25.1), containing several genes such as PLAGI, have
been found in up to 57% of AdCC [45].
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Fig. 4.2 Adenoid cystic
carcinoma. Fluorescent in
situ hybridization (FISH)
showing rearrangement of
the MYB locus (separation
of the red and green
signals) (a). MYB
immunostaining showing
strong expression in the
tumor cells in a cytologic
smear (b). CD117
immunostaining showing
strong expression in the
tumor cells in a cytologic
smear (c¢)
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4.1.3.4 Polymorphous Low Grade Adenocarcinoma

PLGA is the second most common intraoral malignant SGT, preferentially involv-
ing the minor salivary glands of the palate (60% of cases) [16, 46, 47]. Most patients
are 50-70 years old. PLGA has a relatively indolent clinical course, with lymph
node metastasis in up to 25% of cases and distant metastasis in up to 7.5% of cases
[16, 46, 47]. It is characterized by a monomorphic population of cuboidal to colum-
nar cells with oval nuclei and open chromatin and small indistinct nucleoli, arranged
as the name implies in various cytomorphological patterns. Extracellular matrix,
usually scant or absent in PLGA, can mimic both the PA (i.e., fibrillar) and AdCC
(i.e., hyaline globules) types of matrix [1]. Although MYB aberrations including
monosomy or deletion can be seen in PLGA, the MYB rearrangement of AdCC is
not found in PLGA. The vast majority of PLGA harbor a PRKDI E710D mutation
(73%) or PRKD gene family (PRKD1, PRKD2 or PRKD3) rearrangements, which
have not been found in other SGT besides cribriform adenocarcinoma of the sali-
vary glands (CASQG), a neoplastic entity closely related to PLGA [47-49]. Moreover,
PLGA with and without PRKDI mutation have been found to overexpress the
PRKDI protein, a serine-threonine kinase involved in cell adhesion, cell migration,
and cell survival. The presence of the PRKD mutation was significantly associated
with metastasis-free survival [47]. Therefore, PRKDI mutations may have diagnos-
tic and prognostic utility, helping to distinguish indolent PLGA from more aggres-
sive SGT such as AdCC. Additional studies are required to investigate whether ICC
for PRKD1 will prove to be helpful as well.

4.1.3.5 Mammary Analogue Secretory Carcinoma

MASC was first described in 2010 by Skalova et al. in a report of 16 cases [50].
MASC occurs more commonly in males, both at parotid and extra-parotid sites [50,
51]. The cytomorphology, immunochemical and molecular profiles of MASC are
identical to secretory carcinoma of the breast. The prognosis of patients with MASC
appears to be similar to other LG carcinomas, including acinic cell carcinoma
(AciCC), although there may be a higher trend towards lymph node metastasis, but
studies are limited [52]. MASC is characterized by the specific translocation
t(12;15)(p13;q25), leading to fusion between ETV6 and NTRK3. The latter is an
essential feature of MASC since it is found in nearly 100% of cases and has not
been reported in any other SGT, besides one case of SDC so far [S0-53]. Prior to its
recognition as a separate entity, MASC was classified either as AciCC (zymogen
granule poor), adenocarcinoma NOS, or as MEC [54]. On cytology, MASC can be
confused with other oncocytic SGT such as PA, MEC, AciCC, and WT (see below).
Demonstration of an ETV6 rearrangement is useful to make the diagnosis of MASC
in difficult cases and to rule out the other SGT (Fig. 4.3a) [S5]. However, the impact
of a correct diagnosis of MASC is only marginal, because the initial management of
these LG neoplasms is usually the same.
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Fig. 4.3 Mammary
analogue secretory
carcinoma of salivary
glands. Fluorescent in situ
hybridization (FISH)
showing rearrangement of
the ETV6 locus (separation
of red and green signals)
(a). Mammaglobin
immunostaining showing
strong expression in the
tumor cells (Cellblock) (b)

4.1.3.6 Hyalinizing Clear Cell Carcinoma

Hyalinizing clear cell carcinoma (HCCC) is a rare LG carcinoma that typically
arises from the minor salivary glands of the oral cavity with the potential for local
recurrence [16, 56, 57]. Histologically, HCCC is composed of trabeculae, cords,
nests, and solid sheets of epithelial cells with clear cytoplasm, owing to large
amounts of glycogen [16, 56]. The differential diagnosis of HCCC on cytology is
broad and includes other SGT with clear cell features such as clear cell oncocytoma,
LG-MEC, epithelial-myoepithelial carcinoma, clear cell myoepithelioma/myoepi-
thelial carcinoma, AciCC, metastatic renal clear cell carcinoma (RCC), SCC clear-
cell variant, and melanoma [1, 11, 57]. HCCC is characterized by the specific
translocation t(12;22)(q13;q12) generating an EWSRI-ATF I fusion gene, which is
present in approximately 85% of cases (Fig. 4.4) [58-61]. ICC is of limited value
for the diagnosis of HCCC. Therefore, a definite diagnosis of HCCC relies on the
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Fig. 4.4 Hyalinizing clear
cell carcinoma. Fluorescent
in situ hybridization
(FISH) showing
rearrangement of the
EWSRI locus (separation
of the red and green
signals)

demonstration of the specific EWSR-I rearrangement which is not present in other
clear cell tumors within the differential diagnosis [11, 57].

4.1.3.7 NUT (Nuclear Protein in Testis) Midline Carcinoma (NMC)

NMC is an uncommon form of poorly differentiated SCC characterized by rear-
rangement of the NUT gene on chromosome 15q14, typically with the BRD4 gene
on chromosome 19p13, resulting in a BRD4-NUT fusion gene [62]. Since the first
reported case of NMC in 1991, more than 70 cases have been reported in children
and adults of all ages. Although NMC has a predilection for midline structures
including the nose, mouth, sinuses, and upper airways, tumors occurring outside the
midline including the salivary gland have been reported. NMC is refractory to con-
ventional chemotherapy and radiotherapy, and is rapidly fatal with an average sur-
vival from the time of diagnosis of <1 year. However, clinical trials investigating
specific drugs targeting BRD4-NUT are underway. Therefore, an accurate and early
diagnosis of NMC may become even more critical in the future. Cytologically,
NMC has non-specific features, and mimics other “small round cell” tumors and
basaloid neoplasms [62]. Squamous or glandular differentiation is typically absent
in NMC. The main differential diagnosis in adults is with poorly differentiated
SCC, undifferentiated (nasopharyngeal) carcinoma, and small cell carcinoma, while
in children other pediatric small cell tumors such as Ewing sarcoma must also be
considered [62]. Almost all NMC show immunoreactivity to p63 reflecting the
squamous nature of this tumor. NMC can also express p16 even though there is no
known association with HPV. In order to confirm the diagnosis of NMC, demonstra-
tion of a rearranged NUT gene using one of the methods described earlier is neces-
sary. Alternatively, ICC using NUT antibodies can be used successfully on cytologic
material with a very high sensitivity (87%) and specificity (100%) [62]. Any poorly
differentiated carcinoma in the head and neck (HN) should be considered for NUT
immunostaining and/or rearrangement testing.
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4.1.4 Selected Immunohistochemical Stains in the FNA
Diagnosis of Salivary Gland Tumors

Because the required molecular diagnostic techniques for detecting genetic abnor-
malities described above are not routinely available in some laboratories, the over-
expression of translocation-associated proteins and/or other proteins may serve as a
diagnostic surrogate in salivary gland FNAs. This can be essentially helpful in the
context of basaloid neoplasms and oncocytic lesions, which are two of the most
common diagnostically challenging areas. In addition, a panel of immunostains can
be very helpful for HG carcinomas to distinguish a primary SGT from a metastasis;
the work-up of metastases is discussed in Chap. 13.

4.1.4.1 Basaloid Neoplasms

Among basaloid neoplasms of the salivary gland, the distinction between AdCC and
PA is crucial as it carries significant clinical implications. The translocation in PA
typically leads to an overexpression of PLAG] that can be assessed using ICC; most
PA (94%) with or without of PLAG rearrangement are immunoreactive for PLAG1
[63-65]. In contrast, PLAGI is negative in the most common salivary gland carci-
nomas, including AdCC, MEC, and AciCC, although a subset of PLGA may be
positive for PLAG1 [64]. The translocation in AdCC typically leads to an overex-
pression of MYB that can be assessed using ICC (Fig. 4.2a, b); most AdCC (55—
82%), with or without the MYB-NFIB fusion transcript, are positive for MYB,
compared with 14% of non-AdCC neoplasms [41-43]. On cytology, a majority of
AdCC also shows strong immunoreactivity for MYB (Fig. 4.2b), while PA and
other SGT are negative or focally positive [9, 12, 66]. MYB immunostaining appears
to be more effective in alcohol-fixed cytological smears than in corresponding FFPE
tissue from surgical resections or cell blocks, because of the presence of more faint
peripheral staining (zonal staining) on FFPE [9, 12]. This can be attributed to differ-
ent fixation methods affecting the degradation and immunoreactivity of the MYB
protein. In addition to MYB overexpression, most (90%) AdCC show strong and
diffuse expression of ¢-KIT (CD117) (Fig. 4.2¢) [1, 6, 7, 12]. In order to increase
the sensitivity and specificity in distinguishing AACC and PA from each other and
from other SGT, an immunopanel of MYB, ¢-KIT, PLAG1, and HMGA?2 on FNA
cell blocks is probably the most useful [12].

PLGA is also in the differential diagnosis of PA and AdCC. PLGA has a consis-
tent p63+/p40— immunophenotype, reflecting the lack of a myoepithelial cell com-
ponent, that helps distinguish it from AdCC and cellular PA that characteristically
demonstrate concordant p63 and p40 immunostaining patterns [67, 68]. In contrast
to AdCC, Ki-67 labeling index is typically low in PLGA [69], although its assess-
ment on cytologic material may not be reliable.

BCA and BCAdc represent two other basaloid neoplasms that show cytomor-
phologic similarity but differ at the histologic level by their invasive qualities.
Nuclear p-catenin immunoexpression has been found to have a relatively high sen-
sitivity (82%) and a high specificity (96%) for BCA in comparison with other basa-
loid neoplasms [70]. A CTNNBI gene mutation can also be found in about 1/3—1/2
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of BCA. BCAdc also frequently harbors nuclear B-catenin expression, with or with-
out the corresponding gene mutation, as well as aberrations in genes affecting dif-
ferent signaling pathways such as PIK3CA [70, 71].

4.1.4.2 Salivary Gland Tumors with Oncocytic Features

SGT with oncocytic features represent a common diagnostic challenge for
FNA. They include mostly WT, oncocytoma, and oncocytic carcinoma, AciCC,
MEC, MASC, and metastasis (e.g., RCC) [1]. WT and oncocytoma are common
causes of false-positive cytology interpretations, while AciCC and MEC are among
the most common causes of false-negative cytology interpretations [1]. A limited
ICC panel consisting of DOG-1, SOX-10, and p63 can be very helpful in separating
AciCC from WT, MEC, and oncocytoma [72]. DOG-1 and SOX-10, which are
markers of salivary acinar and intercalated duct differentiation, are strongly positive
in AciCC and are predominantly negative in WT, oncocytoma and oncocytic carci-
noma, MASC and MEC [73]. Conversely, p63 typically shows diffuse expression in
MEC, including its oncocytic variant, and is negative in AciCC and metastatic
RCC. P63 expression in WT and in oncocytoma/oncocytic carcinoma is usually
more focal and restricted to basal or peripheral cells than in MEC [74], a feature that
is not readily appreciated in cytologic material [72]. S100 and mammaglobin are
very useful to support the diagnosis of MASC since other oncocytic neoplasms in
the differential diagnosis are usually negative for the latter (Fig. 4.3b). Recently,
overexpression of signal transducer and activator of transcription 5a (STAT5a),
which may be related to the ETV6-NTRK3 translocation, has been found in MASC,
and can be assessed on cytological material using ICC [75]. STAT5a may thus rep-
resent a useful additional marker for MASC. Nevertheless, the most definitive diag-
nostic markers of MASC and MEC (including its oncocytic variant) are the presence
of the specific translocations as described previously.

4.2 HPV-Associated Head and Neck
Squamous Cell Carcinoma

4.2.1 Background

There are several characteristic clinico-pathological features of HPV-associated HN
SCC (HPV-SCC) which makes it a truly a distinct variant of HN SCC [76, 77]. In
contrast to patients with conventional HN SCC, patients with sexually transmitted
HPV-SCC of the oropharynx are often younger, typically nonsmokers and non-
drinkers, and of higher socioeconomic status [76]. HPV type 16 is the most com-
mon genotype, accounting for 90-95% of HPV-SCC in the oropharynx [76, 78].
HPV-SCC arises most commonly in the lingual and palatine tonsils within the deep
crypt lining epithelium; a dysplastic precursor lesion is not currently recognized.
This may explain why certain screening methods, including both oral rinses and
oral brushing specimens, have not been very successful at detecting HPV-SCC pre-
cursor lesions [79, 80]. Oropharyngeal HPV-SCC commonly present with occult or



68 M. P. Pusztaszeri et al.

small (T1/T2) primary tumors but with advanced loco-regional disease (N2/N3),
with cervical lymphadenopathy often being the presenting clinical finding [76, 81,
82]. The prognosis of patients with HPV-SCC is often better than conventional
HN-SCC, due in part to increased chemo- and radiosensitivity [76, 81]. Accordingly,
several clinical trials investigating less intensive treatment regimens (“treatment de-
escalation”) with less morbidity, or new tailored immunotherapies (‘“therapeutic
vaccines”) are ongoing in patients with HPV-SCC [83].

4.2.1.1 Cytologic Evaluation of HPV-Related HNSCC
Many of the primary tumors that are identified among patients with HN SCC of
unknown primary are located within the oropharynx, and up to 80-90% of oropha-
ryngeal SCC are caused by oncogenic high risk (HR) HPV [76, 78]. In contrast,
only a small percentage of SCC arising from non-oropharyngeal HN sites is positive
for HR-HPV. Therefore, the detection of transcriptionally active HR-HPV in FNA
specimens from metastatic SCC in cervical lymph nodes strongly implicates the
ipsilateral oropharynx as the site of origin [84]. In addition, determining HPV status
is prognostically relevant and can give a patient eligibility for clinical trials investi-
gating novel treatment options for this tumor type (e.g., radiotherapy de-escalation
or vaccine-based therapies) [83]. While HPV DNA may be detected in a significant
subset of non-oropharyngeal HN cancers, it is usually not transcriptionally active
virus and its presence is not believed to be clinically or biologically relevant [85—
88]. One exception appears to be the sinonasal tract, where 20-30% of SCC can
harbor transcriptionally active HPV, but the clinical significance of HPV-SCC in
this site is not yet clear [89, 90]. Therefore, routine HR-HPV testing should be cur-
rently limited to SCC of the oropharynx and metastatic carcinomas of unknown
primary in lymph nodes that may have arisen from the oropharynx. This recommen-
dation has recently been endorsed by the College of American Pathologists, the
Royal College of Pathologists, and Cancer Care Ontario [91-93]. There is no role
for the routine testing of HN cancers for the “low-risk” types of HPV (i.e., types 6
and 11). These HPV types cause squamous and respiratory papillomas in the upper
and lower aerodigestive tracts, but do not cause oropharyngeal HPV-SCC.
Metastatic HPV-SCC has a fairly typical cytologic appearance characterized by
cohesive clusters of oval to somewhat elongate basaloid epithelial cells often in a
cystic background of macrophages and cellular debris (Fig. 4.5a). The basaloid
appearance reflects the non-keratinizing nature of these cancers which are thought
to derive from the specialized reticulated epithelium of the tonsils. This cytologic
pattern differs from conventional HN SCC which is frequently keratinizing and
easier to diagnose. The differential diagnosis of metastatic HPV-SCC on cytology
includes other metastatic carcinomas with basaloid features such as basaloid SCC,
nasopharyngeal carcinoma (EBV-associated), small cell neuroendocrine carcinoma,
and AdCC [84]. In addition to testing for HR-HPYV, cytology and ICC can usually
distinguish between these entities [84]. Cervical metastases from HPV-SCC are
often large and cystic, and this can make the distinction with branchial cleft cyst
(BrCC) difficult clinically, radiologically and cytologically as well [84]. Due to
several factors including limited cellularity (e.g., cyst contents only) and cellular
degeneration, a definite diagnosis on FNA may not be possible. Since cystic metas-
tases of HN-SCC usually harbor HR-HPV, p16 ICC in conjunction with specific
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Fig. 4.5 FNA of
HPV-related HNSCC a
showing a cohesive group
of non-keratinizing
squamous cells with a
basaloid appearance (a).
HPV-related HNSCC
showing strong diffuse
cytoplasmic and nuclear
positivity for p16 (b). In
situ hybridization for
high-risk HPV DNA in an
HPV-related HNSCC of
the oropharynx (c)
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testing for HR-HPV (see below) can be useful when the distinction between BrCC
and a cystic metastasis of an HPV-SCC remains unclear based on cytological and
clinico-radiological grounds (Fig. 4.5b, c¢). Caution is warranted, however, in inter-
preting p16 ICC alone since focal strong pl6 immunoreactivity can be seen in the
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superficial lining cells of BrCC [94]. Although ancillary studies for detecting
HR-HPV are helpful when positive, a negative result does not exclude malignancy,
particularly those not associated with HR-HPV.

4.3 Detection Methods for HPV in Cytologic Material

4.3.1 Conventional Methods for HPV
Testing Using FFPE Material

There are many different methods available for HPV testing of HN cancers, but
none of them is absolutely optimal with respect to sensitivity, specificity, cost, and
applicability to a diagnostic laboratory in routine practice. P16 appears to be the
best stand-alone test for specific selected scenarios involving tissue biopsies, but the
best HPV detection method for cytologic preparations of metastatic carcinoma is
less clear.

4.3.2 p16 Immunohistochemistry

The simplest and most accessible type of HPV testing involves using a surrogate
marker, p16. In biopsies of the oropharynx of a squamous cell carcinoma with non-
keratinizing morphology, a p16 positive result is sufficient to conclude that the car-
cinoma is HPV-associated. The HPV viral oncoprotein E7 binds to and degrades the
retinoblastoma protein, which leads to the accumulation of p16, which in turn can
easily be detected by IHC (Fig. 4.5b) [95]. There are many advantages to using p16
IHC for HPV testing: it is widely available, can be performed on cell blocks, and is
very sensitive (up to 100%) for the presence of transcriptionally active HPV [96,
97]. On the other hand, p16 is not entirely specific for HR-HPV since other molecu-
lar mechanisms may cause p16 overexpression in cancer [96, 97]. As a result, the
use and interpretation of p16 alone should be done with care and in the context of a
carcinoma with the appropriate non-keratinizing morphology. In addition, p16
should only be used as a surrogate marker for high risk HPV in the oropharynx and
in non-keratinizing metastases (from the oropharynx) to level 2-3 cervical lymph
nodes, because outside of these locations the specificity of p16 for high risk HPV is
reduced [87, 88, 98]. Finally, to be considered as positive in tissue, p16 immunoex-
pression must be seen in at least 70% of tumor cells in a nuclear and cytoplasmic
distribution. The problem for cytology, however, is that quantifying p16 positivity
in dispersed cytologic material can be difficult, especially in a background of necro-
sis and/or degenerating tumor cells. In addition, the percentage of p16 positivity in
cell block material compared with tissue biopsy samples may be lower for a positive
result [99]. When in doubt in cytologic samples which are usually for metastatic
disease, p16 can be used initially as a sensitive screening method followed by con-
firmation using a more specific HPV detection technique.
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4.3.3 Polymerase Chain Reaction-Based Techniques

PCR-based techniques are commonly utilized to identify HPV DNA in tissue. These
methods are very sensitive because PCR can amplify even very small amounts of
HPV DNA. This sensitivity comes at the expense of specificity because the mere
presence of HPV does not convey whether the virus is transcriptionally active or
simply a bystander. Detection of the HPV E6 and E7 mRNA transcripts by PCR is
clinically more relevant because it confirms that HPV is both present and transcrip-
tionally active. Unfortunately, PCR for E6/E7 mRNA is technically challenging and
is currently not available in most diagnostic laboratories.

4.3.4 DNA and RNA In Situ Hybridization

DNA ISH allows the direct visualization of the viral DNA in the context of the
tumor histology, and is relatively simple to integrate into the diagnostic pathology
workflow. The presence of punctate ISH signals in tumor nuclei is a very specific
pattern for integration of HPV DNA into the host genome (Fig. 4.5¢). On the other
hand, at low copy levels HPV DNA can be undetectable by ISH, limiting the sensi-
tivity of this method. Moreover, the interpretation of HPV DNA ISH can be chal-
lenging in cases with scant, focal, or unusually faint signals. In addition, akin to
HPV DNA PCR, this method does not directly inform the reader about the tran-
scriptional activity of the virus. The recent introduction of ISH for HPV E6/E7
mRNA is an important advance because this method combines the direct visualiza-
tion of DNA ISH in the cells with the specificity for transcriptionally active HPV of
mRNA PCR [87, 100]. In addition, RNA ISH using advanced technology appears to
be more sensitive than DNA ISH because at low viral copy numbers where DNA
ISH signals are absent or equivocal, RNA ISH signals are consistently robust [87].
Widespread implementation of this promising HPV detection method may be
imminent.

4.3.5 Combination of Different Testing Methods

With the recognition that no HPV detection method is entirely optimal particularly
for cytologic samples, some centers have turned to multimodality HPV detection
strategies applied to FNA. One strategy employs the very high sensitivity of pl6
IHC with a more specific ISH or PCR-based test on cell block material. The two
tests can be done simultaneously or in an algorithmic manner where only a p16-
positive result leads to the second test. The addition of p16 IHC to a DNA-based
HPYV detection strategy is also useful because it offers insight into the significance
of any HPV DNA that is present. For example, if p16 is negative but HPV DNA is
present, it is unlikely that the HPV is transcriptionally active and biologically sig-
nificant. On the other hand, if p16 is positive but HPV DNA is absent by one method
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in a SCC that has the non-keratinizing morphology of an HPV-SCC, it might be
appropriate to use yet another method to confirm the presence or absence of HPV. It
is not yet clear how the introduction of newer mRNA-based HPV detection strate-
gies will affect these multimodal HPV testing algorithms, or whether they will be
useful for cytologic preparations.

Finally, techniques already in use for HPV detection in liquid-based cervical
cytology such as the Roche cobas platform [101], Cervista [102], and Hybrid
Capture [103] can also be applied for HPV detection in FNAs of metastatic HN
SCC, and may in fact be the best option. The advantage of these liquid-based tech-
niques is that several of them are already approved by the US Food and Drug
Administration, they are economical, some are automated, and they are widely
implemented and validated in laboratories.
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5.1 Diagnosis

Lung cancer is the leading cause of cancer death among males in both more and less
developed countries and has surpassed breast cancer as the leading cause of cancer
death among females in more developed countries. According to the global cancer
statistics, an estimated 1.8 million new lung cancer cases occurred in 2012, account-
ing for about 13% of total cancer diagnoses [1].

Lung carcinoma is generally categorized into non-small cell lung carcinoma
(NSCLC) and small-cell carcinoma. Approximately 85% of lung cancers are of
NSCLC type. NSCLCs include squamous cell carcinoma (SCC), adenocarcinoma
(ADC), and large-cell carcinoma that is a combination of poorly differentiated ADC
and other uncommon cell types. Historically, all subtypes of NSCLCs were given
similar chemotherapy, so further categorization of NSCLC into ADC and SCC in
the past was not important [2]. However, during the last years, the discovery of
molecular alterations and the development of targeted therapies in NSCLC have
pointed out the role of the classification of NSCLC into adenocarcinoma and
squamous cell carcinomas. Recent advances in the treatment of lung cancer have
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demonstrated the efficacy of new drugs designed to block specific molecules and
pathways involved in the tumor cell growth and survival [3-5].

In 2011, the International Association for the Study of Lung Cancer/American
Thoracic Society/European Respiratory Society developed a new classification pro-
viding criteria and a standard terminology for the diagnosis of lung cancer in histol-
ogy, in cytology, and in small biopsies. According to this classification, if clear
squamous or adenocarcinoma differentiation is seen on morphology, a tumor can be
diagnosed as SCC or ADC. In the cases in which morphology alone is not able to
make a diagnosis, a panel of immunohistochemistry is mandatory [6, 7].

In fact, in the present era, lung cancer treatment is based on the subtype of lung
cancer (ADC vs. SCC) and on the molecular status, that is, epidermal growth factor
receptor (EGFR) or Kirsten rat sarcoma viral oncogene (KRAS) mutations or ana-
plastic lymphoma kinase (ALK) or proto-oncogene 1 receptor tyrosine kinase ROS1
rearrangements. An accurate diagnosis of NSCLC into ADC and SCC and the iden-
tification of the molecular status are necessary for the appropriate therapy [6-8].

5.2 Sampling

In NSCLCs, clinical trials have shown dramatic responses to targeted therapies [3-5,
9, 10]. Resected tumors were considered for a long time the only type of material for
molecular tests. However, less than 30% of patients with NSCLC are eligible for sur-
gical treatment, limiting the availability of neoplastic tissue for molecular tests [11,
12]. In fact, at the time of diagnosis, more than 60% of NSCLCs show unresectable
stage I1IB or IV disease, where the only pathologic material accessible to make diag-
nosis and to determine therapy are small biopsy or cytology specimens [2, 13]. It is
well demonstrated that cytology is a powerful tool in the diagnosis of lung cancer, in
particular in the distinction of ADC from SCC. A previous study considered 192 pre-
operative cytology diagnoses: 88% were definitive, 8% favored, and 4% unclassified.
When compared with the resection specimens, the accuracy of cytologic diagnosis
was 93%, and for definitive diagnoses, it was 96%. For the ADC and SCC cases, only
3% of cases were unclassified, and the overall accuracy was 96%. When immunohis-
tochemistry was used in 9% of these cases, the accuracy was 100% [2, 5].

The most frequently used techniques to obtain cytological material are bronchoscopy
and fine-needle aspiration performed under imaging guidance (FNA). Other cytological
samples comprise sputum and body cavity fluids/effusions, along with other minimally
invasive aspirations of distant, deep-seated, or superficial metastatic lesions [14, 15].

Bronchoscopy specimens include bronchial brush, bronchial wash and aspirate,
and bronchoalveolar lavage. In the bronchial brush, the material is collected by
brushing the specific area identified with a little brush, which is inserted into smaller
bronchi. The material can be immediately fixed in alcohol if a direct smear is per-
formed or can be placed in a physiological solution and immediately sent to the
laboratory. In the bronchial wash, aspirates of bronchial secretions and washes are
performed with normal saline solution. The bronchoalveolar lavage is made by
placing the bronchoscope into the selected segment of bronchus, inducing normal
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saline solution, and aspirating 20—50 mL aliquots in order to collect cells from bron-
chioles and alveoli [14, 15].

Fine-needle aspiration (transbronchial or transthoracic) is a simple, relatively
safe, and rapid and reliable technique, which is performed under imaging guidance
by ultrasounds or computed tomography, frequently coupled with core needle biop-
sies. It is a minimally painful and nonoperative procedure as compared to biopsy
that is associated with higher risk of pneumothorax. Previous studies reported that
the sensitivity of FNA for lung carcinoma diagnosis ranged from 50% to more than
90% and specificity was approximately 100%. The overall positive predictive value
was nearly 99% with false-negative rate of around 10%. The false-negative rate is
due to the failure of sampling [12, 16].

Transbronchial or transtracheal FNAs obtain samples by a flexible needle into a
channel of a flexible bronchoscope placed through the tracheal or bronchial wall
until reaching the area to be analyzed. The lesion is aspirated and the needle with-
drawn [14, 15].

Percutaneous FNA is made under ultrasound or CT assistance, using a needle of
22 gauge or less, in order to obtain a core biopsy or a needle aspiration. The core
biopsy is fixed in formalin solution and processed as are histological samples. If
direct smears are performed, the slides, in general two, are immediately fixed,
stained with Diff-Quik stains, and analyzed on site, the “ROSE” (rapid on-site eval-
uation) method. The other material obtained is sent to the laboratory in a physiologi-
cal solution and processed according to the laboratory’s procedures [14, 16].

During the on-site assessment, cytopathologist or experienced cytotechnologist
prepares direct smears, using the contents expelled from the needle, at the location of
the procedure. In this way, each needle pass can be examined to determine tumor cell
adequacy; there is an opportunity to engage the clinical care provider in a conversa-
tion regarding the preliminary diagnosis and relevant molecular diagnostic tests; and
the cytopathologist can help ensure that the specimen is processed in a manner that
optimizes triage for ancillary tests, including molecular studies. Many works have
demonstrated that the ROSE performed by a cytopathologist or experienced cyto-
technologist has the potential to improve patient care by reducing the nondiagnostic
and the false-negative rates, shortening procedure times, and preserving material for
ancillary studies [12, 17, 18]. The main goal of ROSE is to prevent unnecessary
repeat procedures to obtain additional tissue just for molecular studies, which can
lead to delays in treatment. The ROSE reporting evaluates the on-site adequacy of the
sampling, indicating, when it is possible, the diagnostic category [12].

Other technique largely used is the endobronchial ultrasound-guided transbron-
chial needle aspiration (EBUS-TBNA), considered as a major tool in the diagnosis
of mediastinal abnormalities and used to stage lung cancer by the sampling of
lymph node stations. Fluid samples are another important type of samples routinely
sent to the cytopathology laboratory. The cytological evaluation of effusion samples
determines the presence or the absence of malignant cells and if the lesion is primi-
tive or metastasis. In many cases, samples show high cellularity, and applying an
immunocytochemical panel is possible to correctly establish the primary site. The
cell block preparation can be also obtained [14, 15].
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5.3  Pre-Analytical Phase

Samples from aspirations are typically smeared directly onto glass slides, air-dried,
or fixed in alcohol and stained using Diff-Quik or Papanicolaou stain. Hematoxylin-
eosin (H&E) is the standard stain for histological material such as cell blocks and
core biopsies [15].

Lung cytological samples can be also processed as liquid-based cytology (LBC),
analogous to the processing of cervical cytology specimens, performed by collect-
ing the needle rinse in an alcohol-based fixative and preparing a cell monolayer
slide. LBC preparations include ThinPrep (Hologic, Bedford, MA, USA), SurePath
(Becton Dickinson, Franklin Lakes, NJ, USA), thin-layer advanced cytology assay
system (TACAS, MBL, Tokyo, Japan), and Liqui-PREP (LGM International Inc.,
Ft. Lauderdale, FL, USA). It is also possible to adopt both methods: smears and
LBC [12]. The remaining LBC fixative fluid or the residual needle rinse from the
aspiration can be also used for a paraffin-embedded, cellblock preparation. Body
cavity fluids, bronchial brushings, bronchial washings, bronchoalveolar lavages,
and sputum samples can be processed as cytospin preparations or as LBC, with or
without cellblock preparations. Material derived from aspirates or effusions may
have more tumor cells than a small biopsy obtained at the same time, so any positive
cytology samples should be preserved as cellblocks. It is highly recommendable to
preserve as much material as possible for potential molecular studies [5, 6].

Cellblocks are the most used lung cytological samples for molecular techniques
[19-21]. The main advantages are that the majority of ancillary tests are validated
for formalin-fixed paraffin-embedded (FFPE) sections. FFPE cellblocks are treated
similarly to traditional surgical pathology FFPE blocks. Furthermore, multiple
serial sections from cellblocks can be utilized to perform a battery of ancillary stud-
ies. However, in the institutions in which ROSE is performed, the cellblock prepara-
tion is based on the cellularity of the direct smears that not means the adequacy of
the cellblocks for performing ancillary studies. In fact, it is possible, in some cases,
that cellblock preparation can be paucicellular and inadequate for molecular testing,
especially for techniques that require relatively large amounts of DNA. Indeed, not
in all institutions, the rapid on-site evaluation is possible, and the preparation of the
cellblock is variable across laboratories. In addition, the standard 4- to 5-micron
cellblock sections do not represent the entire nuclei from the cell and are likely to
have lower nucleic acid yields for molecula testing per cell compared to the whole
sections utilized when only smears samples are available. Other important point is
that cellblock is fixed in formalin, as the histological sections. For this reason, the
nucleic acid extracted can be affected by sequencing artifacts, leading to possible
false-negative and false-positive results in molecular reports, due to the cross-link-
ing of nucleic acids and proteins [20, 21].

Regarding the possibility to use the cytology smears to perform the molecular
analysis, in the past, cytopathologists were not agreeing to use them in order to save
the slides for archival purpose. However, many studies have demonstrated how
ancillary techniques as immunocytochemistry and molecular assays can be directly
applied on smears and cytospin with the same results as observed for histological
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samples. Indeed, smears from FNA and cytospin provide a high-quality of nucleic
acids, due to the use of air-dried and/or alcohol fixatives, as compared to
formaldehyde-based fixatives used in histology [12, 22, 23].

Furthermore, recent reports have observed and demonstrated that cellularity on
the order of 100-500 cells is sufficient for DNA sequencing-based assays while for
fluorescence in situ hybridization (FISH) assays, 100 analyzable tumor cell nuclei
are generally sufficient [12, 24]. In this point of view, FNA smears offer a suitable
material to apply molecular tests, considering also the absence of stromal cells.

Following that, updated College of American Pathologists (CAP) guidelines
reported that if other material is not available or sufficient to perform molecular tests,
it is allowed to sacrifice the smears in order to make a molecular diagnosis. In cases in
which the diagnostic material is on a single smear or cytospin sample, the slide can be
scanned, or it is suggested to make a picture of the neoplastic cells for archival pur-
pose and medicolegal reasons [25].

Regarding the liquid-based cytology (LBC), it is easy to obtain because it does
not require a technical support for specimen adequacy as the ROSE method. In fact,
the specimen is put into a cell preservative solution to be processed subsequently in
the cytology laboratory as a cell monolayer slide. It is also possible to obtain a cell-
block from this material. The advantages of LBC specimens are the optimal preser-
vation of cells, the ease of specimen transportation because of the stability of cells
at room temperature, and the minimal amount of background debris and blood on
the slide. Many studies have well-performed molecular techniques on LBC samples
or by scraping off cells from the slides or using directly the rinse solution for the
DNA extraction. Indeed, LBC is largely used for FISH, while only few reports have
demonstrated the possibility to apply FISH on direct smears [26].

5.4  Sequencing

Sequencing is routinely used in order to study EGFR and KRAS mutations in lung
cancer cytology. It has been demonstrated that approximately 10-15% of NSCLC
show sensitizing mutations in the EGFR gene and 30-40% harbor KRAS muta-
tions, predominantly in lung adenocarcinomas [12].

The epidermal growth factor receptor (EGFR) gene encodes a transmembrane
growth factor receptor that exhibits tyrosine kinase activity. Upon activation, intra-
cellular signaling is mediated by cytoplasmic effectors in the RAS-RAF-MEK-
ERK, PI3K, AKT, and STAT pathways [20, 21].

The presence of mutations in exons 18-21, the L858R missense mutation in exon
21, and deletions in exon 19 are the most commonly observed mutations and account
for up to 90% of all EGFR mutations in this setting [27]. These mutations are more
commonly associated with East Asian ethnicity, female gender, and nonsmoking
history. However, these features are not a rule and should not be used to exclude
lung cancer patients from mutation testing [5, 7].

Lung adenocarcinomas, harboring these sensitizing mutations in EGFR, have
been shown to have relevant clinical responses to EGFR tyrosine kinase inhibitors
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(TKIs) such as gefitinib (Iressa; AstraZeneca) or erlotinib (Tarceva;Genentech/
Roche). Clinical trials have shown that about 75-80% of patients with lung cancer
carrying EGFR mutations obtained important radiographic responses to TKI treat-
ment. In addition, progression-free survival (PFS) and overall survival (OS) were
significantly better for EGFR-TKI-treated patients with EGFR mutations than those
with EGFR wild type. Moreover, EGFR-mutated patients treated in the mainte-
nance setting had a large benefit in terms of PFS [28].

However, several mechanisms of TKI resistance have been described. The most
common are the presence of secondary mutation (T790M, C797S), the activation of
alternative pathway of signaling (Tyrosine-protein kinase (MET), HGF, AXL,
ERBB?2, IGF-1R), the aberrance of the downstream pathways (AKT mutations, loss
of phosphatase and tensin homolog (PTEN)), and the histological transformation
[29].

Resistance is divided into intrinsic and secondary or acquired. Intrinsic resistance
is usually defined as an immediate inefficacy of EGFR-TKIs, due to the presence of
a nonsensitive EGFR mutation. The most important and frequent drug-resistant
EGFR mutations are represented by an exon 20 insertion and the T790M mutation.
Exon 20 insertion frequency ranges from 1% to 10% of the total number of EGFR
mutations. This alteration causes reduced affinity for EGFR-TKIs. The T790M point
mutation increases the affinity of EGFR for ATP and consequently attenuates the
binding efficacy of EGFR-TKIs. The reported frequency of baseline EGFR T790M
mutations varies in the literature mainly as a consequence of the detection method
used. It seems that the presence of the baseline EGFR T790M mutation is associated
with poor clinical outcomes in patients treated with EGFR-TKIs. The impact on
responsiveness to EGFR-TKI therapy of the preexisting T790M mutation may
depend on the proportion of pretreatment EGFR T790M-mutant alleles within a
tumor that may range from a small subclone to one clonally dominant [29].

Secondary or acquired resistance typically occurs after prolonged treatment, and
several molecular mechanisms have been suggested to contribute to the resistance
phenotype. The most common are development of secondary mutations in the
EGFR, phenotypic transformation, and the activation of alternative pathways. The
most common secondary mutation responsible for acquisition of resistance occurs
in exon 20 (T790M). The presence of the T790M mutation was observed in approxi-
mately 50% of the cases in which biopsy was obtained at the time of relapse follow-
ing gefitinib or erlotinib treatment in patients with the exon 19 deletion or the L§58R
EGFR mutation.

The natural history of tumors harboring the T790M mutation could be indolent
or with a rapid clinical decline and short survival. However in 2015, FDA has
approved the use of AZD9291 (osimertinib, AstraZeneca) for the treatment of
patients with metastatic EGFR-T790M mutation-positive NSCLCs, whose disease
has progressed on or after EGFR-TKI therapy. On March 30, 2017, FDA granted
regular approval to osimertinib, based on AURA3 (NCTO012151981) trial, for
patients with metastatic EGFR T790M mutation-positive NSCLC who had progres-
sive disease following first-line EGFR-TKI therapy. All patients were required to
have EGFR T790M mutation-positive NSCLC identified by the Cobas EGFR
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mutation assay (Roche), performed in a central laboratory. This assay was also
FDA-approved as companion diagnostic Kkit.

Another resistant mechanism is the histological transformation from adenocarci-
noma to small cell carcinoma (SCLC) and the epithelial-mesenchymal transforma-
tion (EMT). The histological transformation is possible probably because the cell of
origin between adenocarcinoma and SCLC could be the same. Probably, SCLC
cells originate from the minor preexistent cell clone under the selection pressure of
EGFR-TKIs, or transdifferentiate from the adenocarcinoma cells, or arise from the
multipotent stem cells. Instead, the EMT process is linked to the loss of polarity and
cell-cell contacts by the epithelial cell layers, which undergo a dramatic remodeling
of their cytoskeleton. In this way, cells acquire expression of mesenchymal compo-
nents, with the loss of E-cadherin expression and the upregulation of mesenchymal
proteins such as vimentin, fibronectin, and N-cadherin.

This knowledge has led to identify the molecular mechanism driving disease
progression. Repeat biopsy or cytological sampling and molecular testing to iden-
tify EGFR T790M or MET amplification or histological transformation are now
required.

However, repeating biopsy or cytology sampling is limited by its invasive nature,
risk of complications, and potential for delaying subsequent therapy. Indeed, it
could be possible that biopsy of a single metastatic site may not be representative of
the resistance mechanism in other metastatic sites. Increasing data have demon-
strated that plasma genotyping of cell-free DNA (cfDNA) allows for the rapid and
noninvasive detection of EGFR mutations, in particular the T790M point mutation.
Various platforms for plasma genotyping exist with variable levels of validation.
Plasma genotyping may be particularly useful for patients in which repeating tissue
sampling is not feasible while also having the potential to detect EGFR T790M
mutations that are missed by standard tissue genotyping. If the positive result of the
test is considered “actionable,” a negative plasma result may mean the absence of a
mutation or that a patient’s tumor is not shedding cfDNA at detectable levels. In
these cases, it is necessary to confirm the result on tissue biopsy to rule out a false-
negative plasma result [29, 30].

RAS (rat sarcoma viral oncogene homolog) genes are members of the guanidine
triphosphatase (GTPase) gene superfamily. KRAS, HRAS (Harvey rat sarcoma viral
oncogene homologue), and NRAS (Neuroblastoma RAS viral oncogene homolog)
encode for 21-kd proteins that share considerable sequence homology and have
common intrinsic GTPase activity to hydrolyze guanidine triphosphate to guanidine
diphosphate. Ras transduces the EGFR activation signal to multiple downstream
pathways, and activated Ras-guanidine triphosphate is switched off by the intrinsic
GTPase activity of Ras protein. RAS mutations on codons 12, 13, and 61 result in
inhibition of GTPase activity, thus leading to the constitutive activation of Ras pro-
tein, which may render tumor cells independent of EGFR signaling and thereby
resistant to EGFR-TKI therapy.

Many trials reported that lung adenocarcinoma patients with KRAS mutations are
not responsive to gefitinib or erlotinib. Studies demonstrated KRAS mutation fre-
quency of 26% in current/former smokers and 6% in never-smoker patients [5, 7, 31].
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The clinical relevance of EGFR and KRAS mutational status has been deeply
discussed in recent years, and testing for these mutations has rapidly become a
standard practice. EGFR and KRAS mutations are commonly checked via poly-
merase chain reaction (PCR) and sequencing-based approaches. Direct Sanger
sequencing is considered the gold standard due to the acquisition of direct DNA
sequence. Using this method, the presence of all potential mutations including
common, known mutations and novel mutations is demonstrated. However, the
analytic sensitivity of Sanger sequencing is 20-25% mutant allele that means the
presence of at least 40—50% of cancer cells due to the heterozygous nature of muta-
tions, without any amplification [7, 32-34]. In fact, this method requires a higher
enrichment of tumor cell DNA content in samples [14]. However, the enrichment
could be a problem in small biopsy and cytological samples, including cellblocks
in which the background with benign cells such as inflammatory cells, normal
epithelial cells, and stromal cells is prominent in many cases. This means that if a
sample is negative for mutations, this result can be due to the real absence of the
mutation in the tumor cells or to the percentage of tumor content that is not suffi-
cient to reach the analytic sensitivity threshold, resulting in the failure to detect the
mutation even, despite the presence of the mutation [12, 23, 33]. Furthermore, in
these cases, a possible strategy is to enrich the tumor content by manual or laser
capture microdissection before DNA extraction and sequencing by demarcating
tumor-rich areas directly on the slide. For cellblock sections, the circled hematox-
ylin-eosin-stained slide can be used to guide tissue extraction from unstained sec-
tions, whereas for smear/cytospin/LBC preparations, the de-coverslipped slide is
scraped on the bottom using a diamond-tip pen for tissue extraction from desig-
nated tumor-rich areas.

However, this procedure is time-consuming and not suitable for all routine diag-
nosis. In addition, cross contaminations and artifactual genomic changes could be
encountered with working with low amount of DNA [33]. Indeed, Sanger sequenc-
ing is relatively more labor-intensive and time-consuming and can lead to longer
turnaround times [34].

Other PCR-based techniques, such as peptide nucleic acid (PNA)-locked PCR
clamping [27], allele-specific quantitative real-time PCR [35], and scorpion ARMS
(amplification refractory mutation system) [36], have been developed for sensitive
detection of somatic mutations. Several commercial kits have been developed and
extensively clinically validated based on these methods especially for the detection
of mutations in the EGFR and KRAS and NRAS genes. New developments are
underway in order to automatize and streamline the whole genotyping procedure.
An example of this is the Idylla system from Biocartis which automatizes nucleic
acid extraction and multiplex target detection in cartridge-based design.

These techniques can check the mutations for which they have been developed
(known mutation), and the sensitivity obtained does not exceed 1:100. The main
limitation of these techniques is that they require multiple PCRs and therefore an
adequate amount of gDNA, not always available when working with cytological
samples. The advantages of these approaches include their improved analytic sensi-
tivity and less time-consuming nature leading to reduced turnaround times [11].
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Several studies of comparison between Sanger sequencing and these techniques
have demonstrated a higher sensitivity and greater ease of use for assessing the
mutation status of these techniques in samples with low amount of gDNA (as cytol-
ogy specimens) or prestained NSCLC clinical samples [37].

Non-sequencing-based procedures for mutation detection, more sensitive than
Sanger sequencing, such as high-resolution melting (HRM) and restriction fragment
length polymorphism (RFLP), have also been used on cytological samples. However,
these procedures are screening tests that give indirect evidence of the mutation status,
requiring sequencing to accurately identify the type of mutation revealed [38].

Depending on the methods used, previous studies reported the detection of these
mutations in cytology samples containing 0.1-10% of tumor cells or in specimens
containing at least 100 tumor cells. The failure rate of EGFR and KRAS molecular
testing reported in the literature on cytology samples ranges from 2 to 8%. This
value depends on the technique utilized and on the quality (especially low tumor
content and high content of nonneoplastic cells) of the material used [39].

Although the choice of platform used for the detection of EGFR/KRAS muta-
tions remains a decision of the individual molecular laboratories performing the
assay, the 2013 CAP/IASLC/AMP guidelines recommended that the technique uti-
lized detect mutations in samples with at least 50% tumor component. Furthermore,
more sensitive platforms that are able to detect mutations in specimens with as little
as 10% tumor are strongly encouraged. It is also recommended that the platform
utilized to check alterations should be able to detect all mutations reported in the
literature with a frequency of at least 1% [7].

In 2018, CAP/IASLC/AMP have published the update of the 2013 molecular
NSCLC testing guidelines, recommended to test EGFR/ALK/ROS1 gene altera-
tions before treatment. Multiplexed genetic sequencing panels (e.g., NGS testing)
are preferred over multiple single-gene tests to identify other treatment options
beyond EGFR, ALK, and ROS1, however single gene assays are still acceptable.
Several other genes are also reported as important to be tested — BRAF, ERBB2,
MET, RET, and KRAS. However, these genes are not essential when only single
gene tests are performed and could be tested in EGFR/ALK/ROS|1 negative carci-
nomas. Indeed in these updated guidelines as expert consensus opinion suggestion,
“laboratories should use, or have available at an external reference laboratory, clini-
cal lung cancer biomarker molecular testing assays that are able to detect molecular
alterations in specimens with as little as 20% cancer cells”. Expert recommended
also to pathologists to use either cell blocks or other cytologic preparations as suit-
able specimens for lung cancer biomarker molecular testing [40].

55 FISH

Fluorescence in situ hybridization (FISH) is considered gold standard method to
detect rearrangements in NSCLCs. It can be applied on all lung cytology specimens
such as smears, cytospin, LBC, cellblocks, and stained slides, also after immunocy-
tochemistry [41].
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Recently, preclinical and clinical data have demonstrated the efficacy of the
kinase inhibitor crizotinib to treat a subset of NSCLCs harboring ALK and ROS1
gene rearrangements and MET amplification. Indeed, the clinical importance of
other genes such as REarranged during Transfection (RET) is currently under inves-
tigations in NSCLCs [42].

The anaplastic lymphoma kinase (ALK) gene encodes a receptor tyrosine kinase
that is normally not expressed in lung cells. Approximately 3—5% of unselected
NSCLCs show ALK gene rearrangements, enriched by testing only EGFR and
KRAS wild-type carcinomas. ALK rearrangements as oncogenic drivers in NSCLC
were discovered in 2007 by Soda et al. [43]. The most common rearrangement is a
small intrachromosomal inversion, inv(2)(p21;p23), resulting in the fusion of ALK
with echinoderm microtubule-associated protein-like 4 gene. The ALK/echinoderm
microtubule-associated protein-like 4 fusion (EML4) produces an abnormal, consti-
tutively active chimeric protein kinase which leads to aberrant ALK expression and
constitutive activation of downstream signaling pathways involved in tumor cell
survival [43].

The ALK breakpoint is located at exon 20, while EML4 shows different break-
points in the amino terminal that means different EML4-ALK fusion variants, com-
prising different EML4-ALK protein isoforms. Other ALK fusion partners have
been also reported, as FHIT and KBI47. All ALK fusion variants maintain the
kinase domain that is predictive for crizotinib responsiveness. Targeted ALK tyro-
sine kinase inhibitors have proven anticancer activity, with crizotinib showing a
good clinical response in advanced NSCLC patients harboring ALK rearrange-
ments. Second-generation ALK inhibitors, such as alectinib and ceritinib, are effec-
tive not only in crizotinib-naive patients but also in those patients with acquired
resistance to crizotinib [44]. The US Food and Drug Administration approved an
in vitro diagnostic class fluorescence in situ hybridization (FISH) test as a compan-
ion diagnostic tool for crizotinib-based treatment eligibility (Abbott Molecular
Vysis [AMV], Des Plaines, IL). As a consequence, FISH is currently considered the
definitive standard for ALK status testing. The commercial break-apart FISH format
is made up of two probes labeled with SpectrumOrange and SpectrumGreen that
flank the highly conserved translocation breakpoint within ALK gene. The
SpectrumOrange-labeled probe includes the tyrosine kinase domain at the 3" end, so
it is able to detect all ALK rearrangements irrespective of the fusion partner, and it
has been validated in clinical trials [45, 46].

Normal cells exhibit red and green signals, which are immediately adjacent to
each other or fused (yellow) (Fig. 5.1a). If there is the ALK rearrangement caused
by intrachromosomal inversion, there is a break-apart signal (single red and single
green signal with a signal separation distance of at least 2 signal diameters). Another
cytogenetic rearrangement pattern occurring in approximately 30% of all ALK-
rearranged NSCLCs is intrachromosomal inversion followed by deletion of the 5’
end of the chromosome, leading to a single red signal without presence of a corre-
sponding green signal. The presence of a single green signal pattern without pres-
ence of a corresponding red signal is not indicative of rearrangement, because the 5’
green signal does not include the kinase domain, and therefore the drug target is not
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Fig.5.1 (a) Lung
adenocarcinoma FNA and
FISH of ALK-negative
case. FISH image shows
signals adjacent and less
than two signal diameters
apart. (b) Lung
adenocarcinoma FNA and
FISH of ALK-positive
case. FISH image shows
broken-apart signals more
than two signal diameters
apart
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present. In summary, a case is defined as positive for ALK rearrangement if neoplas-
tic cells show a break-apart signal or a single red signal. It is necessary to score at
least 50 cancer cell nuclei, and a case is interpreted as ALK-positive by FISH when
15% or more tumor cell nuclei demonstrate isolated green and red signals or iso-
lated red signals, among 50 tumor nuclei scored [46, 47] (Fig. 5.1b). It is also com-
mon an increased copy number of native ALK signals due to chromosome 2
polysomy, due to the overall aneuploidy of NSCLC. Recently, FISH platforms
including imaging and capturing software have been developed; the imaging system
makes the evaluation of these multiple FISH signals much easier on z-stacked
images on a computer screen. In literature, it is reported that cytological specimens
are suitable for FISH assessment, reporting feasibility of ALK FISH on cytology
ranging from 79% to 97%. In several studies, FISH makes a diagnosis in at least
80-90% of samples. Some studies comparing FISH results between cytology (direct
smears and cell blocks) and small biopsies as well as between direct cytological
smear and cell blocks indicate that FISH analysis is more adequate when conducted
on cytology and that insufficient cellularity occurs more frequently in cell blocks
than in direct smears. Some authors suggest that direct smears represent the elective
material for FISH assay, allowing to immediately verify the adequacy of the sample
and avoiding the delay of FFPE procedure and related technical problems as fixa-
tion artifacts. Moreover, direct smear allows a more accurate signal enumeration
than in histological sections, due to the absence of overlapping nuclei and nuclear
truncation [47, 48].

Other oncogenic receptor tyrosine kinase (RTK) gene rearrangements with a clin-
ical significance have been reported in NSCLCs. In particular, recent advances have
identified the ROSI (c-ros oncogene 1, located at 6q22) gene rearrangements in
NSCLC. The ROS1 gene encodes a receptor tyrosine kinase of the insulin receptor
family. To date, no ROS1 ligand has been identified, but cellular attachment via its
extracellular domain could trigger ROS1 kinase activation. Rikova et al. identified
two ROS1 fusion variants as potential driver mutations in NSCLC cell line (HCC78;
SLC34A2-ROS1) and in NSCLC patient sample (CD74-ROS1) [49]. All these rear-
rangements have a highly conserved breakpoint region in the RTK gene with a
retained kinase domain and various breakpoints in the fusion partner, leading to dif-
ferent fusion variants. More recently, five additional fusion partners (TPM3, SDC4,
EZR, LRIG3, FIG) to ROS1 have been identified, representing 12 ROS1 fusion vari-
ants in NSCLC. ROS1 kinase modifications lead to a constitutive activation of the
kinase and of the downstream signaling of several oncogenic pathways, controlling
cell proliferation and survival and cell cycling such as STAT3, PI3K/AKT/mTOR,
and RAS-MAPK/ERK pathways. The first two major works described ROS1 rear-
rangements in 0.9—1.7% NSCLC cases and, remarkably, only in wild-type EGFR,
KRAS, and ALK lung adenocarcinomas. Recently, the phase 1 trial results showed
that ROS1 fusions in NSCLC are associated with sensitivity to the ALK/MET inhibi-
tor crizotinib. In fact, the amino acid sequence of ROS1 and ALK is similar within
the tyrosine kinase domains, and the crizotinib-binding site is nearly identical. So
that, ROS1 has emerged as a new molecular subtype and now comprises a distinct
molecular classification. Bergethon et al. identified ROS1 rearrangements in 18
(1.7%) of 1073 patients with NSCLC using FISH and suggested that ROS1
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Fig.5.2 Lung
adenocarcinoma FNA and
FISH of ROS1-positive
case. FISH image shows
signals adjacent and
broken-apart signals (more
than two signal diameters
apart)

rearrangements define a unique molecular subset of lung cancer with distinct clinical
features [50]. These clinicopathologic characteristics included younger patient age
(median age, approximately 50 years), adenocarcinoma subtype, and never smokers,
also associated with both EGFR mutations and ALK rearrangements [49, 50]. ROS1
rearrangements are evaluated also by FISH, using a break-apart FISH assay, com-
mercially available. Regarding the probe mix, the distal (5") ROS1 region probe is
direct-labeled with SpectrumOrange, while the proximal (3") ROS1 region probe is
direct-labeled with SpectrumGreen. Tumor tissues are considered as ROS1 FISH
positive (ROS1-rearranged) if >15% tumor cells show split red and green signals
(signals separated by >1 signal diameter) and/or single 3’ signals. Otherwise, the
samples are considered as FISH negative (80) (Fig. 5.2).

Recently, rearrangements in the rearranged during transfection proto-oncogene
RET have been described also in NSCLCs. RET gene encodes a receptor tyrosine
kinase for members of the glial cell line-derived neurotrophic factor family of
extracellular signaling molecules. The gene is located on chromosome 10q11.2.
Chromosomal rearrangements generate a fusion gene consisting of the juxtaposi-
tion of the C-terminal region of the RET protein with the N-terminal portion of



92 A. Di Lorito et al.

another protein. It can also lead to constitutive activation of the RET kinase. The
RET gene rearrangements, as represented by papillary thyroid carcinoma, were
most often observed as coiled-coil domain-containing 6 (CCDC6)-RET (PTC1)
and nuclear receptor coactivator 4 (NCOA4)-RET (PTC3) fusion genes.
Rearrangements involving RET are most commonly interchromosomal. Several
studies have simultaneously reported a novel fusion gene comprising parts of the
kinesin family member 5B gene (KIF5B) and the RET gene in lung carcinomas.
Subsequently, other fusion partners of the RET genes CCDC6, NCOA4, and tripar-
tite motif containing 33 (TRIM33) were identified in NSCLCs. These fusion tran-
scripts were detected in 0.6—10% of lung adenocarcinomas. The RET rearrangements
have been observed in younger patients, patients with no smoking history, and
solid and papillary. These fusion genes did not coexist with EGFR and ALK altera-
tions. Sample is considered FISH positive when there’s a break-apart (split) signal.
A split signal is defined by 5" and 3’ probes observed at a distance of greater than
onefold the signal size. A FISH positive case is defined as more than 15% of tumor
cells have any split signals or any isolated 3’ (green) signals [41]. Several RET
inhibitors (sunitinib, sorafenib, and vandetanib) are currently studied in clinical
trials in RET-rearranged NSCLCs. The first reports published show very promising
results [51, 52].

FISH is utilized also to study MET amplification. MET gene amplification has
been reported in many primary human tumors, and it acts as primary “oncogenic
driver” in TKI-naive lung adenocarcinomas [53, 54]. The rate of MET amplification
in NSCLC remains controversial and ranges from 3% to up to 10% depending on
the detection technique and cutoff criteria. Furthermore, MET overexpression in
NSCLC is variable, ranging from 5% to 75% [53, 54]. MET amplification has also
been described as a secondary event, both in preclinical and clinical studies, in
EGFR-TKI-resistant NSCLC after treatment with gefitinib or erlotinib with a fre-
quency ranging from 5% to 25%. In this NSCLC population, TKI treatment specifi-
cally selects preexisting MET-amplified clones in which the ERBB3/PI3K/AKT
signaling pathway is active, suggesting the potential impact of a concomitant block-
ade of MET for overcoming EGFR-TKI resistance [55]. Crizotinib at the beginning
was developed as a MET inhibitor; in fact in the presence of MET amplification,
NSCLCs respond also to this targeted drug. The commercial FISH kit is made up of
probes labeled with SpectrumRed that recognize MET gene and SpectrumGreen
direct against the centromere of the chromosome 7. The presence of MET gene
amplification is defined by the presence of tight gene clusters and a ratio of MET to
chromosome 7 of 2 or more than 5 copies of MET per cell in 10% of cells, according
to the criteria reported in literature [54].

5.6 RT-PCR

Reverse transcriptase polymerase chain reaction (RT-PCR) and quantitative reverse
transcription-polymerase chain reaction (qQRT-PCR) are alternative diagnostic
assays used to improve the sensitivity and accuracy of sequencing to study
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molecular alterations in NSCLCs. Studies have demonstrated the feasibility of LBC
preparations and the utility of fresh and archival cytology specimens (including
slides prepared from liquid-based cytology platforms) as useful templates for
RT-PCR/qRT-PCR analysis [55]. RT-PCR or qRT-PCR analysis can be successfully
performed with limited amounts of material such as FNA cytology (1-2 pg) because
they are extremely sensitive techniques and amplification results can be obtained
with total RNA template levels in the range of 10 pg—1 pg per reaction. There is also
clinical utility for the performance of RT-PCR on archival FNA cytology material
with the slide-scrape-lysate procedure. Tumor cell enrichment is not usually neces-
sary for the detection of fusion mRNA transcripts by RT-PCR or gqRT-PCR analysis
because of the high analytic sensitivity of the procedure (1 tumor cell in 104-105
total mononuclear cells) [56].

The mutations of EGFR and KRAS gene can be studied by sensitive methods
with real-time quantitative PCR, using specific probes or amplification refractory
mutation system (ARMS) technology. Scorpion ARMS technology is based on the
preferential amplification of the excess mutant allele. Because it can detect 1% of
mutated EGFR in a wild-type DNA background, this method requires only a few
neoplastic cells even in heterogeneous samples such as cytological specimens [57].
Studies of comparison between FFPE and cytological samples have demonstrated
the applicability of RT-PCR on cytological samples, showing high concordance
rates between histological and cytological samples. The possibility to detect EGFR
mutations even in bronchial washing fluid or pleural and ascitic fluids with a few
neoplastic cells against a wide background of normal cells has been also reported.
It has successfully been applied by some authors on RNA obtained by scraping cells
from diagnostic glass slides by manual microdissection with a surgical blade [24,
48]. The minimum tumor cell percentage and tumor cell count required for EGFR
mutation testing in cytological materials depend on the platform used. This mini-
mum was published as 10% and 16 cells for RT-PCR [24, 58]. Tumor cell enrich-
ment will increase this sensitivity if tumor cells are <10% of the sample cell
population. The adequacy of the samples in terms of tumor cell content can be
established by a pathologist revision of cytology slides [59].

Several studies have utilized a multiplex RT-PCR system to check ALK and
ROS1 rearrangements, demonstrating that there is a high concordance between the
RT-PCR results with FISH, and it has been confirmed that RT-PCR is a reliable
technique for the diagnosis of EML4-ALK [60, 61]. The EML4/ALK fusion has
been detected by qRT-PCR with RNA isolated from either Diff-Quik- and
Papanicolaou-stained smears obtained from lung adenocarcinomas, demonstrating
the detection of EML4/ALK fusion with 1% molecular alteration rate [62].

However, some limitations avoid its full implementation in the clinical setting.
RT-PCR is the most sensitive method (compared to FISH, immunocytochemistry
(ICC), and sequencing) and can identify different variants or rearrangement part-
ners. However, it cannot cover the unknown rearrangements. In fact, multiplex
RT-PCR assays for the detection of all the different ALK rearrangements require
continuous optimization, given the increasing numbers of fusion variants and part-
ners identified. Secondly, more recent reverse transcription quantitative real-time
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PCR (RT-qPCR) assays based on the unbalanced expression of the 5" and 3" por-
tions of the ALK transcript, which occurs when ALK is rearranged, require signifi-
cant amounts of RNA (50-100 ng per PCR reaction) [63].

5.7 Next-Generation Sequencing (NGS)

Fast technologic advances have made next-generation sequencing (NGS) platforms
affordable, and those are increasingly becoming available in routine pathology labo-
ratories. The two most widely used benchtop instruments in pathology laboratories
are the IonTorrent phosphoglucomutase-1 (PGM) and the Illumina MiSeq. Both
machines have their distinct advantages and pitfalls, mainly linked to the different
sequencing chemistries used. Several other benchtop instruments formed by these
vendors have also been recently released (Illumina NextSeq and MiniSeq and
IonTorrent S5) addressing different throughput needs. With the advent of these plat-
forms, there are no main limitations for the application of NGS in clinical practice.
The complete sequencing protocol from nucleic extraction to sequencing data analy-
sis is typically performed in 2-3 working days with multiple samples sequenced in
parallel in one sequencing run. This makes the technology affordable; typical reagents
costs per sample are now in the range of 200-300€ if five to ten samples are batched.
The costs are thus comparable to other CE-IVD marked kits for the interrogation of
hotspot mutations in the EGFR gene alone. The major advantage of NGS over these
methods is its ability to produce an important amount of data per sample which allows
the parallel interrogation of multiple genes (by panel-based sequencing) with signifi-
cantly lower cost and sample requirements than multiple single-gene analysis [64].

Ultradeep massively parallel sequencing allows reaching a sensitivity of
1:10,000 in dilution experiments, meaning the method is about 100 times more
sensitive than RT-PCR and PNA-LNA clamp and 1000 times more sensitive than
Sanger sequencing. In clinical practice, a detection limit of 1-3% is normally
applied owing to the intrinsic error rate of the sequencing methods and the ability to
bioinformatically delineate true variants from sequencing artifacts. It is important to
note that the actual detection limit correlates with the average sequencing depth per
base that is used in a given sequencing run. For somatic mutations, a good starting
point is to have a minimum coverage of 1000x. This means that for a 1% variant, the
actual molecular event is observed ten times.

Whole- genome and whole exome sequencing approaches are not yet economi-
cally feasible on a regular basis in a clinical setting for most laboratories. Thus, in a
current clinical diagnostic setting, the primary application of NGS in molecular
pathology is in gene panel sequencing. Several commercially available panels have
been developed which allow for the sequencing of multiple genes or cancer-relevant
hotspot regions in parallel. This panel is intended to identify somatic variants in
genes linked to diagnostic, prognostic, or theranostic features in solid tumors. Some
of these panels are specifically aimed at the detection of mutations and/or gene
fusions relevant to NSCLCs. Different panel sizes are available from 15 to >200
genes. The gene content of the panels varies by manufacturer. Typically, it is based
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on a list of genes compiled, for the relevant cancer type(s), from curated databases
such as the Cancer Gene Census or COSMIC (Catalogue of Somatic Mutations in
Cancer) and whole genome/exome sequencing studies from scientific networks
including the Cancer Genome Atlas.

For NSCLC, a useful set of genes would include AKT1, ALK, APC, ATM, BAI3,
BAP1, BRAF, CDKN2A, EGFR, EPHAS, ERBB2, ERBB4, FBXW7, FGFRI,
FGFR2, GRM8, KDR, KEAP1, KIT, KMT2D, KRAS, LRP1B, MDM2, MET,
MLHI, MUC16, MYC, NF1, NFE2L2, NOTCH1, PDGFRA, PIK3CA, PIK3CG,
PKHDI1, PTEN, RARB, RB1, RET, ROS1, RUNXITI, SMAD4, SMARCA4,
SOX2, STK11, and TP53 (Human Lung Cancer GeneRead DNAseq Targeted Panel
V2 from Qiagen), but many other options exist, and it is up to the molecular pathol-
ogy laboratory to decide which panel should be implemented. In general, these
panels rely either on liquid-phase capture or on PCR amplification for target enrich-
ment. Capture-based enrichment is based on the use of nucleic acid baits (DNA or
RNA depending on the technology) to capture the parts of the genome which are
intended to be sequenced. The probes are designed to overlap partially which allows
for a tilling coverage of the region of interest. The main advantages of this method
are a higher specificity and the avoidance of sequencing artifacts or PCR-induced
errors, as multiple independent individual molecules cover each base (tilling). A
major drawback of this method, especially about lung cytopathology, is the substan-
tial amount of high-quality DNA (100 ng or more) which is typically needed for
capture strategies. Amplicon-based enrichment on the other hand relies on the spe-
cific amplification of the regions of interest, typically using multiplex PCR reac-
tions. One advantage of the amplicon method is that very little starting material is
required (typically 20 ng of DNA or less); the main pitfalls of this strategy are the
nonhomogeneity of sequencing coverage among different amplicons and the risk of
allelic dropouts. In both technologies, the samples are individually indexed and sub-
sequently pooled for sequencing.

As most currently available NGS panels do not have a CE-IVD marking yet, in
accredited laboratories, these have to be validated before being used for diagnostic
purposes. Guidelines for clinical validation of NGS panels were recently published
[65]. In that regard, the inclusion of reference materials in the validation process and
in the routine clinical practice can be helpful as it allows to establish the specificity,
the sensitivity, and the limit of detection of the method. In routine use, the utiliza-
tion of reference samples in each run allows to monitor the stability of the reagents
and the reproducibility of the downstream analysis platform. Reference materials
(e.g., from Horizon Discovery) are typically composed of cell lines which have
been engineered to harbor specific mutations. Different cell lines having distinct
mutations are then mixed together in different proportions to have mutations at dis-
tinct allele frequencies and are treated as would be clinical samples, for instance, by
formalin fixation and paraffin embedding. Recently in an interlaboratory ring trial
study it has been demonstrated that the next-generation sequencing and other mul-
tigene mutational assays are robust and accurate in cytological samples. In particu-
lar, the performance of laboratories using next-generation sequencing is excellent,
regardless of the platform or gene panel type [66].
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Furthermore, careful selection, optimization, and validation of the bioinformatics
pipeline are important as the analytical settings and the filtering strategy greatly
influence the list of variants reported from NGS data. Many variant calling tools have
been developed and most are freely available, and some of those are specifically
aimed at the analysis of somatic samples (e.g., MuTect, Strelka, VarScan2, and oth-
ers). It is important to note that bioinformatically trained users should use these tools
as small changes in the software setting can result in the reporting of false positives
and/or false negatives. This is especially acute for tumor-poor or genetically hetero-
geneous samples as these often contain mutations at a low allele frequency where it
is crucial to reliably delineate true mutations from sequencing artifacts. Most
sequencing kit vendors now address this problem by bundling their products with a
dedicated analytical pipeline, which is accessible to their customers.

Regarding the sample type, FFPE samples have long been considered to be opti-
mal for molecular studies; however, studies recently published have demonstrated
the applicability of NGS on lung cytology specimens [66—68]. Protocol optimiza-
tion for enrichment methods has led to the possibility to use NGS even with limited
amount of starting material. Some library preparation methods, mainly based on
multiplex PCR, can be used with as little as 10 ng of DNA. It is important to note
that this is a best-case scenario for good-quality DNA. In practice, the amount a
starting material to be used depends also on the quality of the extracted DNA. Several
methods exist to describe the amount of “amplifiable” DNA in a sample (e.g., by
qPCR), and the laboratory then has to adjust the input quantity accordingly. This is
an important problem for formalin-fixed samples as fixation inevitably leads to a
degradation of nucleic acids, the DNA extracted from FFPE samples is rarely of the
best quality, and thus the input quantity has to be adjusted. Cytological samples
typically fare better in that regard.

Several studies have recently highlighted the possibility to effectively use panel-
based NGS in lung cancer cytology. Buttitta et al. [69] analyzed 48 samples
(Bronchoalveolar lavage (BAL) and pleural fluid) from patients with EGFR muta-
tions in resected tumors. These samples included 36 cases with 0.3-9% of neoplastic
cells (series A) and 12 cases without evidence of tumor (series B). All samples were
analyzed by Sanger sequencing and NGS on the Roche 454 platform. Interestingly,
EGFR mutations were found in 42% of the samples without cytopathologic evidence
of neoplastic cells. The EGFR mutations discovered in the cytology samples were
exactly corresponding to those detected in tumor tissue. Most of the specimens ana-
lyzed were bronchial washing and pleural effusions, particularly dirty, with large and
thick cell conglomerates that obscured morphology in many areas. These findings
indicated the high sensitivity of the NGS diagnostic approach to detect somatic
mutations of frequently mutated genes in lung tumors (i.e., p53, KRAS, EGFR) [69].

More recently, others analyzed a large series of gene mutations applying the
IonTorrent platform in order to screen for mutations in 89 cases of lung adenocarci-
noma metastatic lymph node specimens obtained by fine-needle aspiration cytology
(FNAC) [70]. They found mutations in known and unknown genes, with the possi-
bility to promote the development of new targeted therapies. Furthermore, other
authors have demonstrated the feasibility of using NGS-based methods to perform
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gene mutation analysis in routine cytological specimens obtained by FNA, includ-
ing stained smears and cell blocks demonstrating that mutational profiling of mul-
tiple genes is possible using an extremely low quantity of DNA, which can be
extracted from specimens obtained by FNA, thereby enhancing the utility of the
FNA approach [65].

The success of the NGS approach in detecting single nucleotide variants (SNV)
and indels from DNA will most likely be replicated with new applications on
RNA. Several panels have now been developed which allow to interrogate small
amounts of RNA extracted from tumor samples for the presence of structural
genomic events including gene fusions and rearrangements. This is very important
in NSCLC where it is mandatory, from a theranostic perspective, to identify tumors
harboring activating translocations implicating the ALK and Proto-oncogene tyro-
sine-protein kinase (ROS) genes. The unbiased RNA sequencing approach has sev-
eral advantages over FISH or Immunohistochemistry (IHC). FISH does not provide
single-nucleotide resolution of the breakpoint and may be confounded by complex
rearrangements. Further, although FISH is inexpensive as a single assay, in NSCLC,
a FISH panel composed of several probes should be performed. This does result in
high costs per sample. NGS-based translocation detection is capable of examining
multiple loci for gene rearrangements in parallel and can be combined with NGS
testing for mutations, thus yielding a comprehensive molecular portrait of a given
tumor in one assay [71]. In addition to reducing testing costs by combining translo-
cation detection with gene mutation analysis, additional prognostic information can
be obtained from the elucidation of exact rearrangement loci. For the ALK inhibitor
crizotinib, the clinical response generally increased progression-free survival in
ALK-rearranged lung cancers, but considerable heterogeneity in response depend-
ing on the exact genomic event has been described [42]. Furthermore, it has been
demonstrated that knowledge of the somatically acquired breakpoint sequence may
allow for the monitoring of minimal residual disease from plasma-derived cell-free
DNA using patient- and breakpoint-specific quantitative PCR [72].

5.8 Immunotherapy

The immune surveillance theory involves a set of cells and immune system mole-
cules that play a role in the active elimination of immunogenic tumor cells. However,
it seems that cancer immunosurveillance is just one step of the cancer immunoedit-
ing. This concept recognizes that even after the phase of elimination when the tumor
escapes immunosurveillance, the fate of the tumor is built by immunity and follow
two subsequent phases: the equilibrium phase, during which the tumor may either
be silent or be immunologically built by immune “editors” to produce new variants
that carry more mutations, which would increase resistance to immune attack, and
the escape phase, in which the tumor becomes clinically detectable [73].
Programmed cell death 1 (PD-1) is a negative costimulatory receptor expressed
primarily on the surface of activated T cells. The binding of PD-1 to one of its
ligands, PD-L1 or PD-L2, can inhibit a cytotoxic T-cell response. Tumors can use



98 A. Di Lorito et al.

this pathway to escape T cell-induced antitumor activity. In this background, bio-
markers are needed to guide patient selection and to provide indicators of response,
based on evolving understanding of the biological mechanisms of the PD-1/PD-L1
pathway. In NSCLCs in particular, testing of PD-1/PD-L1 inhibitors in early-phase
trials has been accompanied by the parallel development of companion diagnostic
assays to evaluate immunohistochemical staining of PD-L1 on immune cells and/or
tumor cells detected on tumor tissue samples. In almost all cases, the expression of
PD-L1 is evaluated on bronchial or transthoracic biopsies. The main problem is how
to define a threshold for positive PD-L1 labeling on biopsy tissue samples, consider-
ing that some patients respond to treatment targeting PD-L1/PD-1, despite low or
absent immunoreactivity of this biomarker. It is also well demonstrated that NSCLC
tumors show significant intra-tumor heterogeneity for PD-L1 expression, with poor
association of the PD-L1 expression between lung biopsies and corresponding
resected tumors. There is heterogeneous PD-L1 expression in different regions of
the same tumor specimen and in various sections of the same tumor. So it is very
important to establish the minimal number of bronchial biopsies to obtain from
patients (four or more) and the duration of fixation for bronchial biopsies between 6
and 24 h. Recently, pathology recommendations on the use of PDL1 as biomarker
in clinical setting have been published. This report recommended to evaluate tumor
cell as well as immune cell staining; to consider PD-L1 results in a global tumor
context (mutational load, hypoxia, etc.); to perform combined immunohistochemis-
try for PD-L1, PD-1, and CDS; and to associate a complex immunohistochemical
analysis that evaluates biomarkers of different populations of immune cells.
Regarding the possibility to use cytological material, currently, cytological samples
do not allow correct evaluation of the immune cells labeled with anti-PD-L1 anti-
bodies [74]. Since recently pembrolizumab was approved for the treatment of
patients with unresectable or metastatic, microsatellite instability-high, or mismatch
repair-deficient tumors after prior treatment and genomic instability can be studied
in cytological material, this opens a possibility to use (especially cell block) to guide
immunotherapy [75].
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Molecular Cytology of Serous Effusions 6

Ben Davidson

6.1 Introduction

Metastasis is a decisive event in tumor progression and the presence of cancer cells
outside the organ of origin dictates in the majority of cases a need to explore treat-
ment modalities beyond surgery. This is particularly true for malignant effusions,
since tumor cells within the peritoneal, pleural, and pericardial spaces cannot be
surgically removed. Chemotherapy and radiotherapy, while highly effective in many
cancers, are usually unable to eliminate all tumor cells.

Among the primary cancers of the serosal cavities are malignant mesothelioma
(MM), primary peritoneal carcinoma (PPC), primary effusion lymphoma, and other,
rarer entities. The majority of tumors affecting the serosal cavities are nevertheless
metastatic, constituting in adults most often adenocarcinomas of the breast, lung,
ovary, or gastrointestinal tract. Other carcinomas and hematological cancers, as well
as sarcomas, germ cell tumors, and malignant melanomas, are less frequently
encountered but have all been described at this anatomic site [1].

Molecular techniques have become central in cancer management in recent years
and are used as aids in the diagnostic setting, as well as in assessing therapeutic
options, in predicting treatment response, and in prognostication. Effusions are
ideal specimens for molecular analysis, as they often contain large numbers of via-
ble cells in suspension, often dissociated or in small groups. Effusion supernatants
are also informative, as they contain DNA, RNA, microRNA, or protein from tumor,
as well as host cells. Virtually any molecular technique, including high-throughput
analyses, has been applied to effusion specimens, and considerable knowledge has

B. Davidson
Department of Pathology, Oslo University Hospital, Norwegian Radium Hospital,
Oslo, Norway

University of Oslo, Faculty of Medicine, Institute of Clinical Medicine, Oslo, Norway
e-mail: bend @medisin.uio.no

© Springer International Publishing AG, part of Springer Nature 2018 103
F. C. Schmitt (ed.), Molecular Applications in Cytology,
https://doi.org/10.1007/978-3-319-74942-6_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74942-6_6&domain=pdf
mailto:bend@medisin.uio.no

104 B. Davidson

been gained in these studies [2]. Translation of these studies into clinical practice
has, as in many other settings, nevertheless been slower and of more limited scope,
and many of these publications represent single studies that have not been repro-
duced by other investigators. Others, e.g., telomerase assays, have been studied by
several groups and yet have failed to become standard practice. This chapter focuses
on diagnostic and therapy-related tests which constitute current practice, at least in
tertiary cancer centers. The use of these tests is dictated by the origin of the tumor
diagnosed in the effusion specimen and thereby does not represent an assay specific
for cancers at this anatomic site. Rather, effusions are one of several types of speci-
mens, including fine-needle aspirates and biopsies, which may be studied using the
same technology. Hematological cancers are not discussed in this chapter.

6.2  Molecular Tests Applied to Effusion Diagnosis

The two main molecular assays applied to effusion diagnosis are in situ hybridiza-
tion (ISH) and polymerase chain reaction (PCR).

ISH is a commonly used method which has the advantage of combining molecu-
lar analysis with morphological assessment. Visualization may be achieved using a
colorimetric assay (chromogenic ISH, CISH), silver staining (SISH), or fluorescence
(FISH). Within the diagnostic context, FISH is the most frequently applied test.

Han et al. analyzed 72 malignant effusions from patients with different can-
cers, of which the majority were lung carcinomas, and 21 benign effusions using
probes for chromosomes 7, 11, and 17. The observed sensitivity and specificity
combining morphology and FISH were 88% and 94.5%, respectively [3]. Rosolen
and co-workers studied 200 effusions, including 82 cytologically malignant speci-
mens, 67 suspicious ones, and 51 cases diagnosed as benign, applying FISH
probes for chromosomes 7 and 17. FISH confirmed the cytological diagnosis in
malignant and benign specimens and aided in detecting malignant cells in cases
with inconclusive cytology [4]. FISH analysis using probes for chromosomes 11
and 17 was found to be useful in differentiating malignant from benign effusions
in another series [5].

FISH has been used as a tool for diagnosing MM in several studies, applying
probes detecting chromosomal aberrations which frequently occur in this cancer, in
particular the homozygous deletion of the CDKN2A gene, encoding the tumor sup-
pressor proteins pl4 and p16 at chromosome 9p21. Deletion at this chromosomal
site was shown to be a common event in MM and effectively differentiated this
tumor from benign effusions in three studies [6—8]. The presence of homozygous
CDKN2A deletion was shown to be closely similar in effusion specimens and
patient-matched biopsies in two recent studies, of which one showed the same
agreement for BAP1 immunohistochemistry (IHC) [9, 10]. Combination of
CDKN2A by FISH and BAP1 by IHC was reported to be useful in a recent study of
67 effusions (32 MM, 35 atypical mesothelial proliferations), of which 38 were
analyzed using both methods [11].
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The UroVysion™ kit, containing centromeric probes for chromosomes 3, 7, and
17 and a probe for chromosome 9p21, has been applied to effusion diagnosis, with
focus on MM.

Analysis of 68 effusions, including 21 MM, 29 metastatic tumors, mainly of lung
and breast origin, and 18 reactive specimens, showed 9p21 deletions in 12/21 MM
and 3/29 metastases and none of the reactive specimens. Gains at 9p21 were more
common in metastases, while gains in chromosomes 3, 7, and 17 were frequent in
both MM and metastases [12].

In another study, in which 52 MM and 28 reactive effusions were analyzed, posi-
tive FISH analysis, most frequently 9p21 deletion, was found in 41/52 (79%) MM
compared to 0/28 reactive specimens [13]. FISH analysis using centromeric probes
for chromosomes 7 and 9 was found to be useful in differentiating MM from benign
effusions in another study [14].

Example of the 9p21 FISH assay is shown in Fig. 6.1.

Fig. 6.1 Chromosome 9p21 deletion by fluorescent in situ hybridization (FISH). Malignant
mesothelioma (MM) pleural effusion analyzed using a probe for chromosome 9p21 (UroVysion™
kit). MM cells lack yellow dots, corresponding to homozygous chromosome 9p21 deletion.
(Courtesy Prof. Anders Hjerpe, Karolinska Institute, Stockholm, Sweden)
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Several other groups have reported on ISH- or PCR-based assays as adjuncts to
morphology in effusion diagnosis. However, these have been single reports which
are yet to be validated. In two studies using ISH, [35S]UTP-labeled probes against
MUC2 and MUCS5AC were applied to pseudomyxoma peritonei specimens [15],
and thyroid transcription factor-1 (77F1) gene amplification by FISH was analyzed
in lung carcinoma [16].

Quantitative RT-PCR (qRT-PCR) assay analyzing the expression of the mucin
genes MUCI, MUC2, and MUCS5AC in 112 pleural effusions found MUC! and
MUCSAC to be sensitive and specific in the diagnosis of malignancy [17]. Similar
results were reported for an RT-PCR assay detecting EGP2 (EPCAM) [18] and for
the melanoma-associated antigen (MAGE) family members MAGE! and MAGE3
and the related genes BAGE and GAGEI-2 [19]. An RT-PCR assay for prepro-
gastrin-releasing peptide (prepro-GRP) detected small cell lung carcinoma in effu-
sion specimens [20], while an assay detecting the mammaglobin and mammaglobin
B genes hMAM and hMAMB was positive in effusions from patients with breast
carcinoma, as well as other gynecologic carcinomas and lung carcinoma [21]. The
combined use of CLDN4, EPCAM, and CK20 PCR was suggested as adjunct to
cytology in another study [22].

Analysis of effusion supernatants for cyclin E gene copy number by qPCR [23]
or BIRC5 mRNA levels [24] was similarly reported to effectively differentiate
malignant from benign effusions.

6.3 Molecular Tests Applied to Effusions as Predictive Test

ISH and PCR have in recent years been applied to evaluate the presence and expres-
sion level of molecules which may be targeted in different cancers, particularly
HER?2 and epidermal growth factor receptor (EGFR) and related molecules.

6.3.1 HER2 Status

HER?2 amplification is present in 20-25% of breast carcinomas and is associated
with aggressive disease. HER?2 is targeted by the monoclonal antibodies trastu-
zumab (Herceptin®) and pertuzumab (PERJETA™) and by the tyrosine kinase
inhibitors (TKIs) lapatinib (Tykerb®), afatinib, and neratinib (HKI-272) [25].
Trastuzumab is additionally used in treating gastroesophageal carcinomas that
overexpress HER2 [26], as well as in a subgroup of patients with HER2-
overexpressing colorectal carcinoma [27]. HER2 status is evaluated at the pro-
tein level using IHC or at the gene level using CISH, SISH, or FISH (Figs. 6.2
and 6.3).

A comprehensive review of 47 studies in which 3384 patient-matched primary
breast carcinomas and metastases were compared, with focus on solid lesions,
showed that HER2, as well as hormone receptor expression, is not infrequently
discordant between primary and metastatic breast carcinoma, highlighting the
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Fig. 6.2 HER?2 amplification by FISH. Left: two clusters of tumor cells (marked by frame), in
which cells have HER2 copy number >20 (pink clusters), while the CEP17 centrosomal probe
detects 1-2 copies (green dots) per cell, evidence of HER2 amplification. High-power detail is
shown to the right. (Courtesy Dr. Hege Russnes, Oslo University Hospital)

relevance of testing metastases for HER2 status [28]. Several studies have focused
on effusion specimens in this context.

Shabaik et al. compared HER?2 status by IHC in cell blocks from cytological
specimens (n = 42), including 15 effusions, and 40 patient-matched core biop-
sies, and found good agreement between these specimens, suggesting that cell
blocks constitute relevant specimens for this analysis. Additionally, results
using IHC and FISH, the latter performed in seven cases, correlated well [29].
HER?2 status by IHC and FISH correlated less well in another study of 35 effu-
sions (31 breast and 4 ovarian carcinomas), in part due to chromosome 17 poly-
ploidy [30]. Arihiro et al. compared HER2 status by FISH in 100 pairs of
primary breast carcinoma and locoregional recurrences or metastases, including
7 effusions, and found discrepancy in 9 cases, including both negative-to-posi-
tive and positive-to-negative conversions [31]. In a recent, smaller study, con-
cordance in HER2 status was seen in eight pleural effusions compared to the
primary breast carcinoma, whereas one ascites specimen showed positive-to-
negative conversion [32].

Data for gastric carcinoma is more limited. However, analysis of 72 patient-
matched primary and metastatic gastric carcinomas, including 15 effusions,
showed high concordance rates for HER2 status by both FISH (98.5%) and IHC
(94.9%) [33].
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Fig. 6.3 HER2
amplification by silver in
situ hybridization (SISH).
(a) H&E-stained section
from a breast carcinoma
pleural effusion (x200
magnification); (b) HER2
immunostaining, score = 3
(x200 magnification); (c)
HER?2 SISH analysis.
Tumor cells have
aggregates of black dots,
corresponding to HER2
amplification.
Chromosome 17 copy
number (red dots) does not
exceed 2/cell (x400
magnification)

"“}Fﬁ
7] 1
e

[
‘ -

‘f':': - 4. 1 | =t g & b
£ o, G mfa P - o
Ll ,‘.,'.-1_ L .5 . Py
! 4 v - . et
. 4 B o N L
o s . ¢ . " ¥
‘.- - & o 3 ":I‘.\‘ ’ f’.‘
4 . 2 2 g SRR S N A
i i -~ AL =y X ) e
l..‘ ag : - v .,f,.,. ‘ﬂ."- aw d
& . Ao L
‘,'-' (PN ] . \(','-\“ s
- o 9, ®y -‘ far %8 ‘l
-
. 20 o X \ .,'-’ o : J .."'l =‘
(L4 i3 ’ "f . i J"‘ ‘:". ; "N
F .‘ & ) e @ \.l ru ’
..3‘ & “ \ o f,’" ‘, . » e
I, " g & . Yook eaR s,
o W A &
. . L’ - g 48 -y
c . TR K a'ny N .
- i « e L . ol | d :
AR T, Y, e R W LS
.3 Y A F1. .»‘ "’: - ~ - ‘\
ohe VS Raw s . . ¢ % " =Y 9 :‘
9,3 Ty e &Y a 7
.Y % e - .



6 Molecular Cytology of Serous Effusions 109

6.3.2 EGFR and Related Molecules

Analysis of EGFR mutation status is mandatory prior to TKI treatment and is cur-
rently performed in the presence of advanced disease in several cancers, of which
the most relevant in the context of effusion cytology is non-small cell lung carci-
noma (NSCLC) (Fig. 6.4). EGFR mutations are found in 15-20% of lung adenocar-
cinomas and are limited to exons 18—24, the majority located in exons 18-21. Exon
19 mutations, mainly in-frame deletions, and L858R substitution at exon 21 consti-
tute 85-90% of EGFR mutations. The TKIs erlotinib (Tarceva®), gefitinib (Iressa®),
and afatinib are approved to the treatment of patients with advanced or recurrent
lung cancer which have sensitizing EGFR mutations [34].

Testing for EGFR mutations can be done using different methods, including
direct sequencing, denaturing high-performance liquid chromatography (dHPLC),
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Fig. 6.4 EGFR mutation analysis. Pleural effusion from a NSCLC patient. TTF1 immunostaining
shows nuclear expression in tumor cells, which constitute <10% of the cell population. EGFR exon
19 del mutation was nevertheless detected using the therascreen EGFR PCR kit (Qiagen,
Manchester, UK) on LightCycler 480 (Roche, Basel, Switzerland). The sample was previously
negative using dHPLC, which has lower sensitivity. Mutation was later confirmed in a needle
biopsy containing more tumor material (Courtesy Dr. Lilach Kleinberg, Oslo University Hospital)
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high-resolution melting analysis (HRMA), pyrosequencing, amplification-
refractory mutation system (ARMS) PCR, and PCR-restriction fragment length
polymorphisms (PCR-RFLP) [35]. The majority of laboratories use multiplex
qPCR-based platforms, such as Cobas (Roche) and Therascreen (Qiagen). Next-
generation sequencing (NGS) is likely to play an increasing role in this area in the
future [34].

Cytological specimens, including effusions, are considered adequate material for
testing EGFR mutation status [34, 35], and a growing number of studies have
focused on this area in recent years. Success rate was 100% for 5 different methods
applied to EGFR mutation status analysis in 20 pleural effusions [36]. A concor-
dance rate of 91.7% for histology and cytology was shown in analysis of specimens
from 60 patients, in which cytology specimens included 16 pleural effusions and
one ascites specimen [37]. Tissue sections, cell blocks, pleural effusions, and sera
were studied for EGFR mutation status in another study of 37 NSCLC with malig-
nant pleural effusion, in which peptide nucleic acid (PNA)-mediated real-time PCR
clamping and direct sequencing were compared. Analysis of the pleural fluid was
associated with sensitivity and specificity of 89% and 100%, respectively, compared
to tumor tissue and cell blocks using PNA clamping, and 67% and 90%, respec-
tively, using direct sequencing [38].

Comparable values were seen for KRAS mutation analysis in another study by
the same group, in which 57 malignant effusions, the majority of lung origin, were
analyzed using these two methods [39].

In analysis of 48 cytological specimens, including 15 pleural effusions, from
patients whose tumors had EGFR mutation in tissue specimens, NGS was superior
to direct sequencing in detecting EGFR mutations (81% vs. 16%, respectively), and
mutations were found also in some of the effusions diagnosed as negative for carci-
noma based on morphology [40].

Anaplastic lymphoma kinase (ALK) is a protein involved in fetal development,
which is lost in adult tissues with the exception of the brain. ALK is expressed in
several tumors, including NSCLC, due to genetic rearrangements, most often thor-
ough inversion of chromosome 2p, where the ALK gene is located, leading to fusion
with the echinoderm microtubule-associated protein-like 4 gene EML4, located on
the same chromosome arm. The EML4-ALK fusion protein is localized in the cyto-
plasm following loss of its transmembrane domain, but retains its kinase activity,
resulting in pro-survival signaling. ALK rearrangements are found in 2-8% of lung
carcinomas, and this patient group is eligible for treatment using ALK inhibitors,
including crizotinib and newer ALK inhibitors such as ceritinib and alectinib, as
well as other drugs currently in development [41].

Soda et al. analyzed 808 lung carcinoma specimens from 754 patients using
multiplex PCR and found EML4-ALK transcripts in 36 specimens, including 5 pleu-
ral effusions, from 32 patients [42]. Wu and co-workers studied pleural effusions
from 116 patients with wild-type EGFR. EML4-ALK fusion was detected in 39
tumors (34%) using RT-PCR. FISH analysis was positive in 10/12 PCR-positive
cases in which a paraffin block from biopsy or surgical resection was available [43].
In another study, EML4-ALK fusion was detected in 5/46 pleural effusions with
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wild-type EGFR using multiplex PCR, whereas 67 specimens with EGFR mutation
were negative [44].

Other genomic aberrations described in NSCLC affect the RET, ROSI, NRGI,
MET, BRAF, HER2, NF1, and MEK]I genes. RET rearrangements at chromosome
10 lead to fusion with the KIF5B gene, and patients with RET rearrangements are
currently under consideration for TKI treatment [45]. Analysis of RET rearrange-
ments in a series of 722 pleural effusions from patients with lung adenocarcinoma
was positive in 17 (2.4), of which 11 and 6 had KIF5B- RET and CCDC6-RET
fusion, respectively [46].

Akamatsu et al. analyzed 100 pleural effusion specimens from 84 patients for
EGFR, KRAS, BRAF, PIK3CA, NRAS, MEK1, AKT1, PTEN, and HER2 mutations;
EGFR, MET, FGFRI, FGFR2, and PIK3CA amplifications; and ALK, ROSI, and
RET fusion genes. EGFR mutation was found in specimens from 24 patients, EML4-
ALK rearrangement in 4 patients, KRAS mutation and EGFR amplification in 3
patients, and PIK3CA mutation and MET amplification in 2 patients. BRAF muta-
tion, NRAS mutation, AKT mutation, ROS! fusion, and FGFRI amplification, the
latter reflecting KIF5B-RET fusion, were found in one patient each [47].

6.4 Future Directions

While the number of molecular assays that are currently performed on effusion
specimens as part of the routine practice of pathology labs is still relatively limited,
this is likely to change dramatically over the coming years, as already exemplified
by the increasing complexity of lung carcinoma management. While it is fairly cer-
tain to assume that FISH and PCR will continue to be an integral part of molecular
testing, NGS is expected to have an increasingly central role in this area. Analyzing
tumors for genetic changes that are characteristic of each tumor with focus on few
dozens of genes is the more relevant assay for assessing patient-tailored therapy,
whereas more large-scale platforms are used as discovery tools.

Several recent publications on lung carcinoma are examples of the potential of
NGS in this respect. Roscilli and co-workers recently performed mutation analysis
of 22 genes in short-term cultures from 16 lung adenocarcinoma effusions and iden-
tified mutations in EGFR, KRAS, BRAF, PIK3CA, MET, TP53, and STK11, with
high variation across tumors. Whole-exome sequencing was performed in five cases
and detected multiple mutations affecting critical cellular pathways, particularly in
chromosomes 1, 11, and 19 [48]. Analysis of 38 NSCLC pleural effusions using the
TruSight™ tumor sequencing panel, which interrogates mutational hotspots in 174
amplicons of 26 genes, identified mutations in EGFR, KRAS, BRAF, PIK3CA,
MAPK21, PTEN, and SMAD4 [49]. DiBardino et al. analyzed 49 NSCLC speci-
mens, including both biopsies and cytological specimens, of which 36 were found
to be adequate for full sequencing of 255 genes, including 6/6 pleural effusion spec-
imens, highlighting the value of the latter for such analysis. Using the Illumina
HiSeq2500 platform, 179 alterations were found, of which 63 were clinically rele-
vant, including EGFR, KRAS, ERBB2, and PIK3CA mutations [50]. The adequacy
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of cytological material for NGS was also shown in analysis of 17 specimens, includ-
ing 4 effusions, tested for alterations in 47 genes, in which mutations in EGFR,
KRAS, BRAF, NRAS, and TP53 were found [51].

Studies of other cancers have to date focused on large-scale analyses aimed at
mapping the genetic landscape of these tumors.

Lim and co-workers compared normal gastric mucosa, primary carcinoma, and
malignant effusions from eight patients and identified mutations characteristic of tumor
cells in effusions, which may promote the metastatic process in this cancer [52].

Three studies applied NGS to analysis of ovarian carcinoma effusions.
Castellarin and co-workers applied whole-exome sequencing to analysis of serial
effusions from three high-grade serous carcinoma (HGSC) patients, including
the primary diagnosis specimen, first recurrence, and second recurrence. TP53
mutations were found in all specimens, and the mutation spectrum of the primary
specimen was generally conserved in the subsequent ones, suggesting that che-
moresistant clones that are present in the tumor at diagnosis are the origin for
recurrent disease [53]. Shah et al. compared the effusion specimen, frozen tumor,
and formalin-fixed paraffin-embedded tumor from 5 patients using the IMPACT
assay which targets 281 genes. Among 17 mutations found, 10 were detected in
both biopsy specimens and effusions and were listed in the Cancer Genome Atlas
(TCGA) study, whereas the remaining 7 were detected only in the IMPACT
assay. Among the latter, two mutations (in FGFR3 and MYB) were detected only
in the effusion specimen from one of the patients [54]. Reinartz et al. analyzed
separately tumor-associated macrophages and tumor cells from 28 HGSC and 1
serous borderline tumor effusions using the Illumina HiSeq1500 platform and
characterized expression profiles and signaling pathways for each of these cell
populations [55].

Effusions are specimens that are relatively easy to obtain, and often contain
numerous viable cells, making them ideal for molecular analyses. The studies dis-
cussed in this chapter suggest a central role for effusions in cancer diagnosis, as well
as tailoring of targeted therapy in the future.
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Spasenija Savic

7.1 Introduction

Worldwide bladder cancer (BC) is the ninth most common cancer, and urothelial
carcinoma (UC) is by far the most common morphological subtype [1, 2]. Symptoms
leading to the diagnosis are nonspecific (e.g., hematuria), and unfortunately already
25% of patients present with muscle-invasive BC, harboring a poor prognosis and
high mortality rate despite radical surgery. Seventy-five percent are non-muscle-
invasive urothelial carcinomas (NMIBC), a heterogeneous group of superficial car-
cinomas including low-grade (LGUC, in 70%) and high-grade UC (HGUC).
NMIBC are treated by bladder-sparing transurethral resection and receive, based on
a clinico-pathological risk assessment, an adjuvant intravesical immuno- (e.g.,
Bacillus Calmette-Guérin, BCG) or chemotherapy (e.g., mitomycin) [3]. Despite
this attempt of local control, both LG- and HGUC have a high recurrence rate (50—
70%), and HGUC has a significant risk of progression to life-threatening muscle-
invasive carcinomas—urothelial carcinoma in situ (CIS) in as many as 50% [2]. To
detect recurrence and progression, patients therefore require frequent and long, with
HGUC lifelong, surveillance with cystoscopy and cytology, the standard of care for
both initial diagnosis and follow-up of patients with BC [3].

Cystoscopy is quite invasive and expensive and can show a false-negativity rate
of >10% [4]. The strength of cytology as a noninvasive adjunct to cystoscopy is the
high specificity of >95% for HGUC with a sensitivity of 44% for papillary noninva-
sive HGUC, 70% for CIS, and 81% for invasive carcinoma [5, 6]. Cytology can
detect HGUC, especially CIS, which might be missed by cystoscopy and random
biopsies. A positive voided urine cytology can indicate UC from anywhere in the
urinary tract, including the urethra and upper urinary tract (UTT). However, a
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negative cytology cannot exclude UC, and cytology has a low sensitivity for LGUC
ranging from 10 to 44% [7, 8]. Furthermore, urinary tract cytology is regarded as
one of the more difficult fields in cytopathology, which is mainly due to morpho-
logically challenging cases with equivocal cytological atypia. Such an inconclusive
cytology puts the urologist into uncertainty, especially if cystoscopy is negative or
shows only equivocal findings, as there are no clinical management guidelines for
this scenario: Observation of the patients bears a risk of missing a potential HGUC,
whereas performing re-endoscopy with biopsies in a potentially benign condition is
associated with discomfort and risk of bladder injury.

These limitations of cystoscopy and cytology have driven the discovery of
molecular tumor markers in the urine with the goal to improve noninvasive diagno-
sis of UC.

7.2 General Overview on Molecular Urine Markers

Numerous DNA, RNA, protein- and epigene-based urine tumor markers have been
identified for detection of UC, and few of them have been developed into US Food
and Drug Administration (FDA)-approved commercially available diagnostic tests
[9, 10]. The most widely studied molecular urine tests are the FDA-approved
protein-based NMP22 (Alere), BTA (Polymedicol), and uCyt+ (Scimedx) and the
DNA-based UroVysion fluorescence in situ hybridization (U-FISH, Abbott
Molecular) tests. NMP22 and BTA measure tumor-associated proteins in the urine
and are available as in-office assays used by the urologists. U-FISH and uCyt+ are
performed on cells from cytology preparations, and U-FISH is by far the most com-
monly used test in cytology laboratories.

There is a plentitude of literature reporting data on performance of urine tumor
markers in different clinical settings including screening, hematuria evaluation, sur-
veillance of patients with a history of UC, and equivocal cytological atypia [4, 9,
11]. However, the lack of standardized study design makes comparison between
different studies and data interpretation nearly impossible. Test performance criti-
cally depends on the pretest probability of a positive result and the prevalence of the
disease in the studied population (screening population, high-risk population with
symptoms of UC, surveillance population with history of UC), the studied tumors
(proportion of LGUC and HGUC), the clinical endpoint and follow-up time, the
specimen cellularity for cell-based tests (voided urines versus washings), technical
procedures, and finally test evaluation and interpretation, including the definition of
a positive result. Additionally, there is a lack of independent validation of some
promising molecular markers by prospective clinical trials including marker-guided
clinical management.

Though many studies did not even compare the performance of the molecular
urine test to matched cytology, the markers generally seem to be less specific and
more sensitive than cytology, which is mostly due to improved detection of
LGUC. For example, U-FISH has a pooled sensitivity and specificity for detection
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of UC of 63% and 87% as compared to cytology with 44% and 96%, respectively
[6, 10]. Despite the improved sensitivity U-FISH, like cytology, has a lower sensi-
tivity for the detection of LGUC compared to HGUC [12]. The sensitivity and nega-
tive predictive values of U-FISH and other molecular markers are in general still
insufficient to exclude UC and therefore cannot reduce the number of diagnostic
(e.g., in patients with nonspecific symptoms like microhematuria or irritative blad-
der symptoms) and follow-up cystoscopies. The lower specificity and higher rate of
false-positive results compared to cytology can even lead to unnecessary diagnostic
procedures.

Therefore no molecular marker is recommended by current clinical guidelines
for UC screening, hematuria evaluation, or surveillance of patients with a history of
UC [3]. The most promising application so far has been shown for U-FISH as ancil-
lary test in the setting of equivocal cytology, which is acknowledged by the recent
AUA/SUO (American Urological Association/Society of Urologic Oncology)
guidelines [13]. Though interpretation of the available scientific evidence on the
added clinical benefit of ancillary U-FISH is very difficult due to the lack of com-
parable prospective studies, when performed in a specific clinico-morphological
context, with standardized pre-analytic/analytic procedures and a standardized test
evaluation, U-FISH can help clarify equivocal cytology and may provide clinically
relevant results. A comprehensive review of all available molecular urine markers is
beyond the scope of this chapter, which will focus on ancillary U-FISH testing in
equivocal cytology, as it is the most promising indication of this widely used molec-
ular test in cytology.

7.3  Ancillary UroVysion FISH Testing for Clarification of
Equivocal Urothelial Cell Atypia

U-FISH is a multitarget, multicolor assay that detects numerical and structural chro-
mosomal aberrations for chromosomes 3, 7, and 17 and the 9p21 locus on inter-
phase nuclei of cytology preparations [ 14]. These are the most common chromosomal
aberrations in UC, and a loss of 9p21 is one of the earliest events in the tumorigen-
eses of both LG- and HGUC. The indication to perform U-FISH should be based on
cytology and endoscopy findings in order to provide a clinical benefit that justifies
the added costs.

Cells of a HGUC are invariably U-FISH positive; however a cytological diagno-
sis of HGUC is highly accurate and will induce appropriate clinical workup and
treatment. HGUC is therefore not an indication for ancillary U-FISH testing, as it
does not add any clinical benefit.

Also in negative cytology, ancillary U-FISH has no added value [15, 16].

Though the low sensitivity for the detection of LGUC is often pointed as a weak-
ness of cytology, this is hardly clinically relevant as they are usually well visible by
cystoscopy, and a delay in diagnosis by a false-negative cytology will not impact
patient’s outcome. U-FISH can increase the sensitivity of cytology for LGUN from
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25 to 60-75%, but as already mentioned, these tumors are usually well visible by
endoscopy, and therefore the U-FISH result will, in most cases, not have an impact
on clinical management. In selected cases, U-FISH might be useful to clarify a
cytology showing a monotonous population of urothelial cells with mild nuclear
atypia suggestive but not definite for LGUC and inconclusive findings by endos-
copy. A positive FISH result will allow for a LGUC diagnosis. However, 30% of
LGUC do not show chromosomal aberrations by U-FISH, and a negative result thus
cannot exclude it.

Based on two prospective studies, U-FISH is most useful in patients with equivo-
cal cytology that show a negative or equivocal cystoscopy, but it is unnecessary in
patients with an obvious tumor on cystoscopy [17, 18]. Reflex-FISH testing of all
equivocal cytologies is therefore not a cost-effective approach. More reasonable is
testing upon request of the urologist, who decides based on cystoscopy findings and
all available clinico-pathological factors that influence the risk of malignancy (age,
smoking history, grade, stage, number and size of previous UC, previous recur-
rences, etc.) if an ancillary U-FISH test will influence clinical management.

Equivocal urothelial cell atypia are particularly challenging and common after intra-
vesical treatment (e.g., BCG) for HGUC and in upper urinary tract cytology, where
cytology has a lower sensitivity and up to 60% of UC are invasive at time of diagnosis
(in contrast to only 15% in urinary bladder) [19, 20]. Even invasive urothelial carci-
noma of the upper urinary tract can have only mild nuclear atypia and mimic reactive
urothelial cell change. In a prospective study on washings of upper urinary tracts from
55 consecutive patients, the sensitivity of U-FISH for detecting urothelial neoplasms
was significantly higher than for cytology (100% and 21%, respectively). The specific-
ity was 90% for FISH and 97.4% for cytology [21]. On the other hand, reactive urothe-
lial cell change, especially common after intravesical treatment for HGUC (e.g., BCG),
can be worrisome and even lead to a SHGUC interpretation. A negative U-FISH test in
urothelial cells with equivocal atypia and a negative or equivocal cystoscopy result
makes their origin from a UC very unlikely suggesting that re-endoscopies with blad-
der biopsies can safely be avoided [17, 18]. A positive U-FISH result in cells classified
as SHGUC supports a final diagnosis of HGUC. Equivocal cytology with a positive
ancillary U-FISH result is associated with a higher rate of UC on follow-up than those
with a negative U-FISH result [17, 18, 22].

Therefore, ancillary FISH can push the interpretation into an unequivocal diag-
nostic category and better stratify the risk for UC in patients with equivocal cytol-
ogy and a negative or equivocal cystoscopy: These findings suggest that patients
with a negative U-FISH result can safely avoid a biopsy and patients with a positive
result are at higher risk for harboring HGUC and need additional diagnostic workup
[18]. Such a U-FISH-guided approach needs to be validated in an appropriately
designed prospective clinical trial.

Well-defined morphological criteria for equivocal urothelial cell atypia, corre-
sponding to the diagnostic categories of atypical urothelial cells (AUC) and suspi-
cious for high-grade urothelial carcinoma (SHGUC), have only recently been
proposed by the Paris System for Reporting Urinary Cytology [23]. The lack of
standardized criteria for equivocal cytology in previous studies resulted in a great
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variability of the reported prevalence and associated risk of malignancy. With the
use of the strict criteria proposed by the Paris System, first studies show a decrease
in prevalence of AUC with an increase in its risk of malignancy [24]. This might
even better stratify patients for ancillary U-FISH and have an influence on the test
performance, which depends on the pretest probability of a positive result.

7.4  Optimized Criteria Defining a FISH-Positive Result

Despite the mentioned promising results, in the three largest studies, the positive
predictive value of U-FISH for UC in equivocal cytology ranged only from 47 to
57% [12, 18, 25]. A high rate of false-positive U-FISH was observed in 75% of
patient with equivocal cytology and a negative cystoscopy [18]. Such a high false-
positivity rate of >50% was also reported by a recent retrospective study evaluating
atypical urothelial cells (AUC) by ancillary U-FISH [25].

All of these studies have performed FISH on residual urinary specimens without
targeted evaluation of the atypical cells and have used the criteria for a positive
U-FISH result as suggested by the manufacturer. These criteria include cells show-
ing a tetraploid pattern in as few as four cells (>4 cells; see also below under FISH
scoring). However, balanced polyploidy with a tetra- or even octaploid pattern (four
or eight signals for each of the four FISH probes) can be observed in reactive benign
urothelial cells, especially in umbrella cells, and are most likely responsible for the
high rate of false-positive results [26-29]. Applying the manufacturer’s criteria, a
FISH-positive result was reported in 64% of 77 benign urinary tract conditions with
clearly benign reactive cell change [29]. Modified criteria for a U-FISH-positive
result have therefore been proposed defining balanced polyploidy as a negative
FISH result, unless the cells are numerous (>10 cells) suggesting a clonal process
and additionally including a heterozygous loss of 9p21 as a positive result [19, 30,
31]. These modified criteria with targeted evaluation of cells with equivocal atypia,
avoiding clearly benign cells (e.g., umbrella cells), improve the performance of
U-FISH and reduce significantly the rate of false-positive results. Unbalanced
numerical chromosomal aberration are very rare in benign conditions and are
mainly observed after pelvic irradiation that can cause permanent chromosomal
aberrations (e.g., for cancer of the prostate or the uterus). Loss of 9p21 is specific
for neoplasia and in our experience is never present in cells with reactive change or
after irradiation [11, 27]. Therefore, in a patient with a history of pelvic irradiation,
a positive FISH result is only associated with cancer in the presence of a 9p21
deletion.

7.5 Pre-analytic and Analytic Procedures

For optimal morphology and ancillary testing, urinary tract specimens (voided,
catheterized, and ileal conduit urines, bladder, and UTT washings) are ideally pro-
cessed in the cytology laboratory within 4 h after collection, though they can be
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refrigerated overnight. If the anticipated delay between collection and processing is
greater than 24 h, the cells can be preserved for a few days by adding an equal vol-
ume of 50% alcohol to the freshly collected specimen [32, 33].

All kinds of cytology preparations (direct smears, cytocentrifugation and liquid-
based preparations, alcohol-fixed or air-dried) are suited for U-FISH. As urinary tract
specimens have typically a low cellularity, cytocentrifugation preparations (Shandon
Cytospin®, Thermo Fisher Scientific) are particularly useful. They have the advan-
tage of minimal cell loss and produce an evenly distributed cell monolayer of only
6 mm in diameter on the glass slide, which facilitates screening of the Papanicolaou
(PAP)-stained slides and safes reagents of the U-FISH assay. Two PAP-stained cyto-
centrifugation preparations are representative of the whole specimen.

To be able to clarify equivocal urothelial cell atypia, which are typically sparse
and can be strongly intermixed with normal cells, U-FISH is best performed on the
diagnostic, PAP-stained slide with targeted evaluation of the atypical cells in ques-
tion [32, 34]. In order to prevent cell loss after uncovering of the PAP-stained slide
during pretreatment and DNA denaturation, the use of adhesive slides with electro-
static positive charge is recommended. Distaining of the PAP-stained slide is not
necessary before FISH. The assay is often performed on unstained cellular material,
which can be problematic because without visual control, one cannot be sure that
the rare atypical cells in question are even present and, as mentioned above, reactive
cell change with a balanced polysomy could lead to a false-positive result.

It can be difficult or even impossible to manually relocate the sparse target cells
for U-FISH on the 4’,6-diamidino-2-phenylindole (DAPI) counterstain after hybrid-
ization, as morphological details are lost. Targeted FISH evaluation of these cells
can easily be achieved using a standard fluorescence microscope equipped with a
camera and an automated stage coupled with a relocation software. Recording the
location of the photo-documented target cells on the PAP-stained slides before
uncovering and hybridization enables not only to accurately identify the target cells
but also to save a lot of time. The same can also be achieved with an automated
imaging system by pre-scanning the PAP-stained slides. As mentioned above, this
targeted FISH evaluation under visual control of the photo-documented cells avoid-
ing benign cells (e.g., umbrella cells) improves the sensitivity and specificity of
FISH analyses.

U-FISH is a multitarget, multicolor assay with four directly fluorescence-labeled
single-stranded DNA probes: Three chromosome enumeration probes (CEP) target-
ing the centromeric region of chromosomes 3, 7, and 17 and one locus-specific
probe (LSI) for 9p21, which harbors the tumor suppressor gene p/6.

The basic steps for U-FISH, which can be done manually or automatically, are as
follows [32]: First an appropriate area containing the target cells is selected for
hybridization and marked on the PAP-stained slide. The coverslip is then removed
from the slide in xylene. The cells on the slides are pretreated with protease to
uncover target DNA. Heat is applied to the slide and the U-FISH probes in order to
denaturate the target and probe DNA to its single strands, respectively. After apply-
ing the denaturated U-FISH probes to the marked area, the slides are coverslipped
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and sealed with rubber cement and incubated overnight at 37 °C, leading to hybrid-
ization of the probes to the target DNA sequence of chromosomes 3, 7, and 17 and
9p21. Following hybridization excess probes are removed by a series of washes. As
a final step, the cell nuclei are counterstained with DAPI, a DNA stain with blue
fluorescence, and coverslipped. The hybridized slide is stored at —20 °C in the dark
before scoring in order to prevent fading of the fluorescence signals.

7.6 Targeted FISH Scoring

The fluorescent signals of the probes are visualized on interphase nuclei under a
fluorescence microscope with appropriate excitation and emission filters after the
fluorophore is excited with light at an appropriate wavelength. With the spectrally
distinct fluorophore labels (CEP 3 SpectrumRed, CEP 7 SpectrumGreen, CEP 17
Spectrum Aqua and LSI 9p21 SpectrumGold) and matched filter sets, the multiple
hybridization probes can be evaluated simultaneously. Z-stacked imaging through-
out the cell nucleus greatly facilitates signal evaluation on a computer screen and
allows for documentation of FISH findings.

FISH scoring is best supervised by an experienced cytotechnician or cytopa-
thologist in order to correlate the FISH signal pattern with morphology. At least
twenty-five, well-hybridized, non-overlapping target cells have to be scored, which
is greatly facilitated by automated relocation as described above. In addition to
manual scoring under the microscope, several automated imaging systems are on
the market which allow scoring of the FISH signals on representative digitalized
images of scanned FISH slides. These systems are more commonly used in institu-
tions with a high volume of FISH tests [32].

Normal cell nuclei are diploid and contain a set of paired autosomal chromo-
somes (2N) with two signals for each U-FISH probe. Chromosomal aberrations are
a characteristic feature of cancer cells. Aneuploidy refers to numerical chromo-
somal abnormalities with gains (polysomy) or losses of single (monosomy) or mul-
tiple chromosomes. A polysomy is commonly present in cancer cells. A 9p21
deletion is a structural chromosomal abnormality which results in inactivation of the
tumor suppressor gene p/6.

As mentioned above, the following optimized criteria for a U-FISH-positive
result are suggested [19, 30, 31]: (1) the presence of >4 cells with gains in >2 cen-
tromeric probes, (2) the presence of a homozygous (one signal) or heterozygous (no
signal) deletion of 9p21 in at least 12 cells, or (3) the presence of >10 cells with a
balanced polyploidy (i.e., 4N or 8N). This definition of a positive FISH result differs
from the manufacturer’s recommendation, which does not consider balanced poly-
ploidy and does not include heterozygous deletion of 9p21. A heterozygous deletion
of 9p21 is a common finding in UC and can occur without additional gains in the
chromosomes 3, 7, and 17 (isolated heterozygous 9p21 deletion). For scoring a cell
as having an isolated 9p21 deletion, hybridization quality must be good with a vis-
ible disomic 9p21 pattern (2 signals) in adjacent clearly benign cells.
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Representative FISH images should be performed in order to document the
result.

FISH evaluation under morphological control avoiding clearly benign cells and
using modified criteria for a U-FISH-positive result is crucial for an accurate
interpretation.

Representative images of U-FISH findings are shown in Fig. 7.1.

Fig. 7.1 UroVysion FISH (Abbott Molecular, Abbott Park, IL, USA) with four fluorescence-
labeled DNA probes targeting the centromeric region of chromosomes 3 (SpectrumRed), 7
(SpectrumGreen), and 17 (Spectrum Aqua ) and the chromosomal locus 9p21 (SpectrumGold). (a,
b) Renal pelvic washing of a patient evaluated for microhematuria: (a) Papanicolaou-stained atypi-
cal urothelial cells (cytospin, original magnification 400x). (b) Targeted FISH shows a negative
result: Encircled a non-overlapping cell nucleus with two signals for each probe (diploid pattern).
(¢, d) Bladder washing of a patient with a history of high-grade urothelial carcinoma: (c)
Papanicolaou-stained atypical urothelial cells and an umbrella cell in the left upper corner (cyto-
spin, original magnification 400x). (d) Targeted FISH shows a positive result in the atypical cells
with gains of the centromeric signals (4—6 blue, red, and green signals) and a relative loss of 9p21
(2-3 yellow signals). The umbrella cell shows a regular diploid signal pattern (original magnifica-
tion 600x). Following the FISH result the patient was reexamined and diagnosed with a recurrent
pT1G3 high-grade urothelial carcinoma. FISH fluorescence in situ hybridization
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Conclusions

Despite many available diagnostic molecular urine markers, there is currently
only a very limited indication for ancillary testing. As illustrated for U-FISH, the
most commonly used molecular test in urinary cytology, clinically meaningful
results can only be achieved in the context of patient’s history, cystoscopy, and
cytology findings. Well-designed prospective clinical trials to show that U-FISH
in equivocal cytology improves clinical management and earlier detection of
HGUC are still lacking.
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8.1 Introduction

Cervical cancer is still one of the most frequent cancers and one major cause of
mortality worldwide. In the last decades, however, the introduction of the Pap test
has led to a drastic reduction of the incidence of invasive cervical neoplasia. Regular
Pap screening decreases cervix cancer incidence and mortality by at least 70%.
Cervical cytology, nevertheless, has several limitations particularly concerning
reproducibility and sensitivity, latter being about 60% [1, 2].

In more recent years, the better understanding of the role of human papillomavi-
ruses (HPV) in the carcinogenesis of cervical neoplasia has led to the development
of new molecular techniques, which are supposed to progressively replace the Pap
test in several countries. At the same time, the development of liquid-based cytology
(LBC) has filled the gap that progressively became evident in the last decades
between histopathology and conventional cytology, the former allowing the use of a
progressively increasing number of special stains and novel techniques, the latter
being stuck to the bare morphological evaluation. In fact, LBC allows the use of
biomarkers and molecular tests on the residual cellularity, adding valuable molecu-
lar informations to cell morphology.

In these days, screening for cervical cancer has several options, including the
traditional Pap smear, which may still be a valuable choice in some settings, and
primary HPV-based screening. Latter may be based on different techniques and
mostly needs a triage for HPV-positive women, which may be purely cytological, or
aided by different bimolecular techniques.
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Most of these techniques are based on the detection of HPV or surrogate markers
of the viral oncogenic activity.

HPYV is a double-stranded, circular DNA virus approximately 8000 base pairs in
size. The distribution of CpG sites is uneven throughout the viral genome. All
oncogenic HPV types code for six early genes (E6, E7, El, E2, E4, and ES)
involved in viral gene expression and replication and two late genes [L2 and L1
gene of human papillomavirus (L1)] involved in capsid formation [3]. The L1 pro-
tein self-assembles into viral-like particles and is the active component in the cur-
rently licensed HPV vaccines. The upstream regulatory region (URR) located
between the L1 and E6 genes contains the E6 promoter and an enhancer region
with cis-responsive elements that regulate viral gene expression, replication, and
packaging into viral particles [4, 5]. The primary HPV oncogenes, E6 and E7,
interact with a large number of cellular targets, including the cellular tumor sup-
pressor proteins p53 and pRb, which are central regulators of apoptosis and cell
cycle, respectively [6-9]. During productive infection, E6 and E7 are expressed at
relatively low levels, in part due to transcriptional repression by E2 gene of human
papillomavirus (E2). During the carcinogenic process, transcription of E6 and E7
is deregulated, leading to their overexpression [10]. This deregulation may be
mediated by the integration of HPV DNA into the host genome, often resulting in
disruption of the E2 gene with increased E6 and E7 transcripts spliced into host
sequences, causing increased HPV oncogene expression [11, 12]. However, HPV
integration is not a necessary step in malignant transformation, and other mecha-
nisms, such as alterations of the E2 binding sites in the URR or altered expression
of E2, may be implicated [13, 14]. On the basis of these molecular mechanisms of
HPYV oncogenesis, a number of biomarkers have been developed including those
associated with HPV oncogene activity (i.e., E6 and E7 mRNA expression) and
with cell cycle deregulation [15, 16].

8.2 Classification of Cervical Lesions

The Bethesda system [17] is the worldwide most used classification for cervical
cytology. TBS divides precancerous squamous lesions in two categories, merg-
ing HPV-induced changes and mild dysplasia in low-grade squamous intraepi-
thelial lesions (LSIL), whereas moderate and severe dysplasia are included
together in high-grade squamous intraepithelial lesions (HSIL). Adenocarcinoma
in situ (AIS) is used for noninvasive glandular lesions of the endocervical epi-
thelia, while smears with borderline changes with LSIL, HSIL, and AIS or
adenocarcinoma may be classified as atypical squamous cells unknown signifi-
cance (ASC-US), atypical squamous cells unknown significance, a high-grade
lesion cannot be excluded (ASC-H), and atypical glandular cells (AGC),
respectively. Invasive cancer is divided in squamous cell cancer and
adenocarcinoma.
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8.2.1 Squamous Lesions

LSILs include large squamous cells which may show nuclear enlargement, binucle-
ation, hyperchromasia, pycnosis with typical “smudged” chromatin, and sometimes
koilocytosis, which shows distinct perinuclear halos with sharp borders. LSILs are
expression of the early phase of cervical carcinogenesis, which is characterized by
the production of new viruses. In this productive phase, the main molecular event is
the expression of the HPV-L1 capsidic protein, while the proliferative activity of the
epithelium and the expression of markers of oncogenic activity are still negligible
[18]. High-risk HPV is found in 82% of all LSILs [19].The main HPV types are 16,
which is found in 26% of lesions, followed by 31, 51, and 53 which are found in
10-12% of LSILs [20].

The main differential diagnosis of LSIL is other conditions which may show
large abnormal cells. Reactive changes may be observed in inflammatory smears
and may show nuclear enlargement up to 2x, albeit lacking hyperchromasia and
nucleoli. Borderline changes may be classified as ASC-US according to TBS. Tissue
repair typically shows sheets of epithelia with evident nucleoli, while isolated atypi-
cal cell and tumor diathesis are absent. Both reactive and reparative changes are
independent from HPV, although they may be associated with a transitory HPV
infection. Invasive squamous cancer may also include large atypical cells, which
however show high-grade nuclear atypia and sometimes nucleoli, while tumor dia-
thesis is often evident on the background; most cancers express HPV and biomark-
ers that are typical for high-grade lesions.

HSILs typically include small squamous cells with definite hyperchromasia,
variability of nuclear size and shape, abnormal n/c ratio, and indentations of the
nuclear membrane. Conventional smears may show a typical “Indian filing,” which
is however lost in LBC. HSILs are expression of the second part of carcinogenesis,
which is characterized by the abnormal proliferation of the cervical epithelium. In
this phase, the main molecular event is the expression of markers of oncogenic
activity, particularly E6 and E7, while in most cases, L1 is no more detectable [21].
High-risk HPV (HR HPV) is found in up to 98% of all HSILs. The main HPV types
are 16, which are found in about 50% of lesions, followed by 18 and 31 [22].
Accordingly, most HSILs and squamous cancers strongly express biomarkers of
oncogenic activity [23, 24].

The main differential diagnosis of HSIL is other conditions that may be associ-
ated with abnormal small cells, including particularly invasive cancer and immature
metaplasia. When small cells show marked nuclear atypia and nucleoli or tumor
diathesis is present, an invasive cancer should be ruled out. Reactive changes on
metaplastic cells usually lack hyperchromasia and show a modest nuclear enlarge-
ment as well as a slight anisocariosis. Metaplastic cells may occasionally express
oncogenic or proliferative markers, being a potential pitfall in the interpretation of
these lesions [25]. Borderline changes, particularly in smears with immature meta-
plastic cells, may be classified as ASC-H according to TBS.
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8.2.2 Glandular Lesions of the Cervix

Atypical glandular cells may be found in adenocarcinoma in situ (A1S), endocervi-
cal adenocarcinoma, endometrial adenocarcinoma, and metastasis of extrauterine
malignancy. Particularly in LBC specimens, AIS is often characterized by a high
cellularity. Already at low magnification, several hyperchromatic sheets are mostly
readily evident. At higher magnification, the sheets consist of abnormally pseu-
dostratified columnar cells with crowded, enlarged, elongated, and often hyperchro-
matic nuclei. The cytoplasm is typically reduced due to the nuclear enlargement,
and nucleoli are mostly inconspicuous or small. Feathering is often observed at the
periphery of the strips, and pseudorosettes may be also present. Since in about 50%
of endocervical lesions a SIL may coexist, atypical squamous cells are often found.
Borderline findings that are suspicious but not definite for glandular neoplasia may
be classified as AGC according to TBS. AGC is further divided in AGC NOS and
AGC favor neoplastic, depending on the severity of the cytologic features. The ori-
gin of the atypical cells (endocervical, endometrial, or extrauterine) should be spec-
ified when possible.

AIS is typically of usual type and accordingly HPV associated. HR HPV is found
in 94% of all AIS. The main HPV types are 16, which are found in up to 57% of
lesions, followed by type 18 which is found in up to 38% of AIS [26]. Biomarkers
of oncogenic activity are mostly strongly expressed in AIS [27, 28] and may be use-
ful for the differential diagnosis with reactive changes on endocervical cells, which
are potentially the main mimic of endocervical neoplasia.

Tumor diathesis is not a feature of AIS, and its presence, as well as the loss of
cell cohesion and highly atypical, polymorphic cells, strongly indicates the possibil-
ity of an invasive adenocarcinoma. Differently from AIS and squamous cancers,
invasive adenocarcinomas of the cervix may be HPV negative in up to 25% of cases
[24, 26]. Accordingly, HPV-negative variants of adenocarcinomas of non-usual type
do not express most of the biomarkers of oncogenic activity. Moreover, up to 18%
of AGC with negative HPV testing after the menopause harbor a non-cervical can-
cer, mostly of endometrial type [29].

8.3  Biomarkers in Cervical Cytology

The use of biomarkers in cervical cytology has some potential advantages compared
with histology. The cytological sampling can be easily obtained noninvasively dur-
ing routine testing, while histological sampling requires colposcopy. Moreover, a
good cytologic sample may include a more representative part of the lesion com-
pared with a small punch biopsy, leading to a better sensitivity and predictive value
[30]. In both cervical cytology and histology most biomarkers are surrogate markers
of the oncogenic activity of HPV. Thus, while the expression of a biomarker may
correlate with a specific phase of the HPV-induced carcinogenesis, the lack of
expression does not negate the possibility of an HPV infection or even the future
development of a lesion, as well as the overexpression of a marker does not always
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correlate with the gravity of a precancerosis. In fact, it is important to keep in mind
that most biomarkers that were developed for cervical pathology are functional
markers that not always correlate with definite morphological features.

Basically, biomarkers may be used as diagnostic tools, particularly in borderline
cases (ASC-US, ASC-H, AGC) in which the differentiation between reactive
changes and neoplasia is morphologically difficult, and/or as markers of progres-
sion risk in LSILs or negative specimens with positive HPV test. The usefulness of
biomarkers in latter case may be due to the identification of cases that in spite of a
normal or low-grade morphology will progress to high-grade, or high-grade cells
that have not been identified or have been incorrectly interpreted by cytology alone.
Particularly in the setting of an HPV-based primary screening biomarkers may have
the potentiality to improve the accuracy of cytology triage, thus allowing a better
management of HPV-positive women while reducing the burden of unnecessary
colposcopies.

From a practical point of view, biomarkers may be divided in two categories
according to the main phases of HPV-induced carcinogenesis: markers of the early
productive phase and markers of the advanced proliferative phase.

8.3.1 Biomarkers of the Productive Phase of the HPV-Induced
Carcinogenesis

The early phase of cervical carcinogenesis is the productive phase. The morphologi-
cal correlate of this phase is the LSIL, which shows an abnormal enlargement of the
basal epithelial layers and typical cytopathic changes of the superficial layers (koilo-
cytes). The productive phase is characterized by expression of late viral genes (par-
ticularly the major capsidic protein L1) which are involved in the viral capsid
assembly and are restricted to differentiated superficial squamous cells. [21].

HPV-L1 is a marker which may detect immunohistochemically in tissue sections
and immunocytochemically in conventional smears (CS) and liquid-based cytology
(LBC) the viral L1 capsidic protein. In tissue sections, HPV-L1 is typically detected
in superficial cells of the epithelium of low-grade lesions. Immunocytochemically,
HPV-L1 is expressed in up to 69% of HPV-positive LSILs, whereas the expressions
in HSILs with moderate dysplasia are found in 44% of samples [31, 32].
Histologically, HPV-L1 was described in up to 40% LSIL (CIN1), 6% HSIL (CIN2),
and no HSIL with severe dysplasia (CIN3) [33, 34]. Galgano et al. described, how-
ever, HPV-L1 positivity in 16.5% of CIN3 lesions [35].

In cytologic specimens from HPV-positive women, HPV-L1-positive LSILs and
even HSILs with moderate dysplasia have a higher potential of spontaneous regres-
sion compared with HPV-L1-negative lesions. Melhorn et al. described that 20% of
HPV-L1-positive LSIL and HSIL (with moderate dysplasia) may progress to histo-
logical CIN3, while HPV-L1-negative SILs of the same grade show a progression to
CIN3 in 84% of cases. [31]. This data are confirmed by further studies, which
describe a significant difference between the progression risk of HPV-L1 positive
and negative LSILs [36-38]. Thus, HPV-L1 may be useful in the management of
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Fig. 8.1 LIl-immunocytochemistry. LSIL with intense nuclear stain

HPV-positive women, allowing a less aggressive management in those who stain
positive, even when cytology already shows features of HSIL with moderate dyspla-
sia. The utility of HPV-L1 as a marker of regressive lesions may be limited, how-
ever, by the occasional expression in severe dysplasia (CIN3) [35]. A promising
approach, using both HPV-L1 and a marker of the proliferative phase (e.g. p16),
may allow a better differentiation of risk categories among LSILs [34, 37, 39] but
still needs to be validated in large studies.

Positive HPV-L1 cells show an intense nuclear staining (Fig. 8.1). Some cyto-
plasmic staining was described in cervical samples [31], which however do not
impair the evaluation of the immunoreaction.

8.3.2 Biomarkers of the Proliferative Phase of the HPV-Induced
Carcinogenesis

The morphological correlate of the proliferative phase of the carcinogenesis of the
squamous epithelia of the cervix is HSIL and squamous cancer. In this phase, a
deregulation of the expression of the viral transforming proteins E6 and E7 leads to
an abnormal cell proliferation and to the inability to repair mutations in the host cell
DNA [8].

ProEx C (Becton Dikinson, USA) is a cocktail of MCM?2 and TOP2a, two pro-
teins that are involved in the control of DNA replication. MCM2 is a replicative
helicase and is a member of the DNA licensing factor family that is required in an
early stage of DNA replication as a key step during the G1 phase. TOP2a is a nucleic
enzyme that affects the DNA structure and is involved in DNA replication, tran-
scription, chromosome segregation, and cell cycle progression [40]. Both MCM2
and TOP2A are overexpressed when the S-phase cell cycle induction is aberrant
[40, 41]. Several studies have evaluated ProEx C in cytologic specimens showing
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promising results. The marker is prevalently expressed in the nucleus of high-grade
lesions, while the prevalence in LSILs is low particularly in women with negative
follow-up (15%) and higher in those with LSIL persistence (30%) or progression to
HSIL (43%) [43]. In a ASC-US population, Kelly et al. describe a sensitivity of
85% with a PPV of 44% and a NPV of 94% for CIN2+ [42]. As a triage test follow-
ing primary HPV screening, ProEx C showed a sensitivity of 76%, a PPV of 41.7%,
and a specificity of 98.3% compared with 85% sensitivity and 9.3% PPV of the
HPYV test alone [43]. Compared with other techniques, ProEx C showed results
similar to molecular mRNA tests [44], making it an interesting option particularly
in a setting of screening with primary HPV test. When compared with the classic
proliferation marker Mib1, ProExC showed similar or more specific results [45].

Proex C was developed for the BD-SurePath LBC as well as for histology, but
the possibility to use it with ThinPrep (Hologic, USA) LBC was described [46].

Immunostains with ProEx C in cytological specimens show a definite nuclear
reaction (Fig. 8.2), although normal endocervical and metaplastic cells may also be
stained [42, 46].

pl6INK4a (pl16) is a cyclin-dependent kinase inhibitor that physiologically
counteracts the phosphorylation of pRB thus leading to a cycle arrest in normal
somatic cells [47]. In cervical lesions, pRB may be inactivated by the HPV E7 viral
oncoprotein, causing a loss of control of the cell cycle and, eventually, an overex-
pression of p16. Immunohistochemically, normal cervical epithelia mostly do not or
only focally express pl16. Conversely, a diffuse expression of pl16 in at least the
lower third of the squamous epithelium is considered characteristic for proliferative
lesions in HPV-associated cervical carcinogenesis. In a meta-analysis of studies
investigating p16 in histological specimens, p16 was diffusely expressed in 2% nor-
mal samples, 38% CIN1 (LSIL), 68% CIN2 (HSIL), and 83% CIN3 (HSIL) [48]. In
LSILs, pl6 expression is mostly restricted in the lower third of the epithelium,
whereas in HSILs the protein may be detected also in the middle and upper third. In
HPV-associated glandular neoplasia of usual type, p16 was detected in more than

Fig. 8.2 ProEx C immuno-
cytochemistry. HSIL with .
nuclear staining. Note the

modified Papanicolaou
counterstaining
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90% of AIS and invasive adenocarcinomas [27, 49-51]. Conversely, p16 is often
absent or only focally expressed in non-HPV-related variants of cervical adenocar-
cinoma [52, 53]. In both squamous and glandular lesions, p16 is usually detected in
the cytoplasm and nucleus of dysplastic and cancer cells.

In histological specimens with low-grade dysplasia, several studies showed that
pl6-negativity is mostly associated with a regression of the lesion, while p16-
positive CIN1 may progress to high-grade lesions [30, 54-56]. However, in spite of
a significant difference in progression risk between p16-positive and p16-negative
low-grade lesions, most p16-positive LSILs eventually regress, thus making a dif-
ferent management of these lesions still not feasible [57].

Cytologically, p16 immunocytochemistry was shown to be a sensitive marker of
high-grade dysplasia and useful for the discrimination of borderline cases with a
higher specificity than the HPV test [58]. In a setting of primary HPV screening, it
was demonstrated that p16 triage cytology gives a significant increase in sensitivity
compared with cytology alone [59, 60]. p16 alone may however be expressed also
in occasional metaplastic, atrophic, and endocervical cells [25, 61]. While in histo-
logical specimens this may be readily differentiated from the typical diffuse staining
of a true positivity, the occurrence of isolated p16-positive cells in a cytologic sam-
ple may be more challenging to evaluate. In more recent years, a combination of
p16 and the proliferation marker ki67 was proposed as a marker of cervical lesions
in cytologic specimens (CINtec PLUS, Roche, Switzerland). Simultaneous staining
of p16 in nucleus and cytoplasm and Ki67 in the nucleus was described as specific
for cell cycle deregulation in neoplasia. In both conventional smears and LBCs,
positive cells show a brown (p16) cytoplasmic staining with a bright red (Ki67)
nuclear stain (Fig. 8.3). Only cells with a definite dual staining are interpreted as
positive, cells that stain only for p16 or ki67 are judged negative for the biomarker
(Fig. 8.4). Dual staining with p16/ki67 demonstrated a better specificity compared
with p16 alone [62]. Specificity and sensitivity were better than cytology alone in
primary screening, while compared with HPV test immunocytochemistry was less

-
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Fig. 8.3 CINtec PLUS ple/ e '

Ki67 dual staining. HSIL
with brown cytoplasmic (p16)
and red nuclear (Ki67)
staining in the same cells
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Fig.8.4 CINtec PLUS pl16/
Ki67 dual staining. Atrophic
epithelia with sole p16
staining. Unless both p16 and
Ki67 are co-expressed in the
same cell, the immunostain-
ing is judged negative

Fig.8.5 CINtec PLUS pl16/
Ki67 dual staining.
Adenocarcinoma in situ (AIS)
of the cervix with intense,
diffuse immunostaining

sensitive but more specific [63]. Furthermore, dual staining was shown to improve
agreement between cytologists [64] with a better specificity (58.9% vs 49.6%), PPV
(21.0 vs 16.6), and NPV (96.4 vs 94.2) compared with cytology alone in HPV-
positive women [65]. Thus, particularly in a setting of primary HPV screening, p16/
ki67 dual stain could allow a better risk stratification for HPV-positive women with
normal cytology, allowing longer control intervals for those that do not express the
biomarker while referring to colposcopy women with dual stain positivity [65]. In
glandular lesions of the cervix, pl16/ki67 was described in 92.5% of in situ and inva-
sive adenocarcinomas of usual type, while only 6.2% of negative samples expressed
the biomarker [28]. In glandular lesions, particularly in AIS, dual staining is mostly
evident in sheets of adjacent neoplastic cells which show a diffuse and strong stain-
ing (Fig. 8.5), while the occurrence of occasional cell staining (Fig. 8.6) in large
endocervical sheets should not be regarded as positive. Immunocytochemistry of
samples in which a glandular lesion is suspected should always be associated with
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Fig.8.6 CINtec PLUS pl6/ @
Ki67 dual staining. Normal
endocervical epithelia with
sole nuclear Ki67 staining

(negative immunostaining).
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a careful morphological evaluation. Up to 25% of cervical adenocarcinomas, par-
ticularly the mucinous variants [24], are not associated with HPV and thus do not
stain with p16/Ki67. Furthermore, particularly in menopausal women, most adeno-
carcinomas are of endometrial or extrauterine origin [29] and do not express surro-
gate markers of HPV.

8.4 Technical Aspects of the Use of Biomarkers in Cervical
Cytology

Most biomarkers may be used with conventional smears, LBC, and cell blocks pre-
pared from LBC residual material. Immunocytochemistry may be performed on the
original conventional smear or original LBC or on a new LBC slide, which may be
prepared from the residual sample material.

Performing immunocytochemistry on the original slide requires the careful
unmounting of the cover glass and implicates a loss of the original cytologic stain-
ing. When immunocytochemistry is performed on conventional smears, the evalua-
tion may be disturbed by cell overlapping, excess at blood or mucus. Several
published studies, however, have successfully immunostained original conventional
and LBC slides [31, 36] (Fig. 8.7). A possible solution to the loss of Papanicolaou
staining is the use of a modified Pap counterstain after immunocytochemistry, which
may also improve the diagnostic agreement of immunostained slides [25] (Fig. 8.2);
the feasibility of this technique with dual immunostains as p16/ki67 has however
still to be evaluated.

The main advantage of using a new LBC slide for immunostaining is the preser-
vation of the original slide. In these cases, the immunocytochemical sample includes
a cell population that is not the same of the original smear, and in some cases, par-
ticularly when only few abnormal cells were present in the original slide, there is the
possibility that the new slide lacks diagnostic cells at all. Inadequate slides from the
residual LBC material have been described in 4-9% of cases [62, 65]. On the other
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Fig.8.7 CINtec PLUS pl6/
Ki67 dual staining in HSIL in
a conventional smear

;’. -i' “" o
W R, T
8. .

hand, the preparation of a further slide may also result in adding new valuable cells
to the diagnostic evaluation.

The use of cell blocks of LBC residual material for immunohistochemistry of
cervical lesions was described in few studies [66—68] with promising results. Cell
blocks theoretically could allow multiple immunostains, but in about 25% of cases,
a lack of diagnostic cells was reported [66, 69].

8.5 Molecular Application in Cervical Samples

Most of the guidelines on cervical cancer prevention consider reflex cytology (i.e.,
the evaluation of the cytological sample collected at the time of primary HPV DNA
testing) a valuable triage tool for HR HPV DNA-positive women. Nevertheless, up
to 8% of HR HPV-positive women with normal cytology have or will develop in the
subsequent years a CIN2+ lesion. Therefore, there is a strong need for biomarkers
that may allow risk stratification of HPV-positive women with normal cytology or,
alternatively, potentially capable of replacing cytology as a triage tool (Fig. 8.8)
[70-72].

Increasing evidence shows that several ancillary techniques are potentially use-
ful in triaging HPV-positive women to increase the specificity of the test. These
include (1) HPV molecular markers (HPV genotyping, mRNA), (2) molecular
markers involved in cell cycling (hyperexpression of p16, HPV viral load, and inte-
gration), and (3) molecular markers related to epigenetic changes (methylation of
human and viral genes, microRNAs (miRNAs)) [73] and cervical microbiome.

Molecular markers can be evaluated in purposely sampled cervical cells, on the
residual cellularity of LBC, or on already stained Pap smears. In fact, a cervical
cytology biobank could be established as an extension of current cytopathology
laboratory practices implementing the systematic storage of Pap smears or LBC
samples from women participating to the cervical cancer screening. This would
also allow the standardization of cervical sample processing which is an important
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Applications of molecular markers in cervical samples

Molecular markers that identify women with high Molecular markers that improve the specificity of the
grade intraepithelial lesion (Cin2+) at increased HPV test identifying only women with persistent HPV
risk of progression to cancer. infections at high risk to progress to Cin2+
Women with Persistent HPV Regressive HPV
CIN2 + infection Infection

Progression to Cancer

Fig. 8.8 Applications of molecular markers in cervical samples

step to preserve DNA, RNA, and proteins. The samples collected in LBC can be
used for several months after collection for DNA analysis, while for RNA test, it is
necessary to store the residual material as soon as possible at —80 °C [74]. In gen-
eral, the storage of LBC specimens at room temperature decreases the stability of
nucleic acids compared with frozen specimens. The recovery of DNA and RNA
from specimens collected using ThinPrep (Hologic, Boxborough, Mass) was
reported as reliable [75, 76]. Protocols for the efficient recovery of nucleic acids
from specimens processed using SurePath (Becton Dickinson) have also been
reported [77, 78]. Checking the length of the DNA fragments or the amount of
ribosomal RNA to evaluate the quality of DNA and RNA in these samples is always
recommended.

Archived, Pap-stained conventional smears may be used for the amplification of
human or viral genomic sequences after scraping the cells from the slide. [79, 80]

8.6 HPV Molecular Markers
8.6.1 HPV Genotyping

HPV DNA typing is the technique that allows the detection of a specific HPV type
in a biological sample.

Several methods have been described to identify different virus types in cytologi-
cal samples: PCR with generic primers, RFLP (restriction fragment length
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polymorphism), hybridization with specific probes, reverse hybridization line probe
assay, reverse line-blot hybridization, nucleotide sequencing, Luminex, and DNA
Chip. Independently from the technique, it is important that a laboratory involved in
genotyping participates at external quality control (EQA). The risk of precancer and
cancer varies substantially for the different HPV types. The HPV genotypes 16 and
18 were shown to be cross-sectionally [81] and longitudinally [82] most often asso-
ciated with high-grade CIN (hgCIN). Also HPV 31 and HPV 33 infections [83]
have a higher risk to progression compared to the other carcinogenic types [84]
detected by most commercial HPV assays [85]. However, while HPV genotyping
can predict an increased risk of precancer, it cannot definitively differentiate between
a transient infection and a prevalent precancer. Several commercial HPV assays
offer partial genotyping and US guidelines recommend immediate referral of
HPV16/18 positive women with normal cytology to colposcopy in a HPV-cytology
cotesting strategy. Thus genotyping, combined with cytology, can be a suitable tech-
nique for identifying women with clinically relevant lesions already at the first test,
or to select HPV infections at increased risk of developing precancer in the future.
Moreover a complete HPV genotyping on cytological samples is already applied in
epidemiological studies , in the follow-up and sometimes prior to HPV vaccination
in adult women.

8.6.2 mRNA

Transcription of the circular HPV genoma lead to increasing level of messanger
RNA (mRNA) that cause genetic instability and imply a risk of cellular changes,
resulting in a selective growth advantage.

Expression of viral oncogenes E6 and E7 is higher in cervical precancer com-
pared to transient HPV infection. In fact the progression to cervical malignancy
requires the overexpression of the E6 and E7 genes of the integrated HR HPV
genome [86, 87]. Thus, in cervical samples, HR HPV E6/E7 transcripts might be
more specific than HR HPV DNA testing alone for the detection of CIN2+ lesions.
Transcript analysis is feasible on LBC, which preserves RNA sufficiently to allow
in vitro amplification and detection. Several studies have investigated mRNA on
cervical biopsy and cytology samples, showing that the ratio of hrHPV E6/E7
mRNA positivity to HR HPV DNA positivity increases along with the severity of
dysplasia. This suggests a higher specificity of the mRNA assay for high-grade
cervical lesions compared to HPV DNA assays [88-92]. These studies stressed
the possible relevance of mRNA detection in the clinical management of women
screened for cervical cancer precursors. mRNA might be of value for the predic-
tion of the risk of progression of cervical precancer thus allowing to select
hrHPVDNA-positive women with normal cytology requiring immediate referral
to colposcopy [93], but at this time, is used mainly in research studies. Long-term
longitudinal studies (> = 6 years) are required to demonstrate that HPV DNA
positive but HPV mRNA negative women have no risk to develop clinically rele-
vant disease.
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8.7  Molecular Markers Involved in Cell Cycling
8.7.1 \Viral Load and Integration

HPYV viral load and physical state of the viral genome are important determinants of
HPV infection which influence the tumorigenic transformation of normal cervical
epithelium and progression of the disease. Several studies suggested that viral copy
number and physical state of viral genome (episomal vs integrated or mix) may
have important clinical implications in the viral persistence and progression of cer-
vical neoplasia [94, 95]. The amount of HPV DNA in cervical samples can be deter-
mined by real-time PCR and is feasible in LBC.

Integration is considered a key event in cervical carcinogenesis, which results in
loss of episomal viral DNA. It is well-documented that E2 gene product derived
from episomal DNA has an inhibitory effect on viral oncogene expression [96] and
integrants are spontaneously selected during cancer progression due to selective
growth advantage and endogenous antiviral response [97]. Integration of HPV16
viral DNA into the host genome and a high viral copy number within infected epi-
thelial cells have been associated with an increased persistence of HPV infection
and an increased risk of developing cervical intraepithelial neoplasia 2/3 (CIN2/3)
or cancer [94, 95, 98, 99].

The clinical usefulness of these results has however still to be evaluated in large
prospective studies.

8.8  Molecular Markers Related to Epigenetic Changes
8.8.1 DNA Methylation

Host DNA methylation involving CpG islands within gene promoters leads to
silencing of gene expression, and its association with carcinogenesis has been
widely described in many cancer sites. In human cells, DNA methylation is facili-
tated by a family of DNA methyltransferases that catalyze the addition of a methyl
group to cytosines at the 5 position of a CpG dinucleotide pair and is typically
detected by bisulfite modification of DNA [100, 101]. The methyl group can alter
chromatin conformation and DNA topology resulting in displacement of transcrip-
tion factors and alterations in expression [102, 103]. Methylation of CpG-rich
stretches of human DNA located in promoter regions of genes, termed “CpG
Islands,” is essential for normal biologic processes [104]. Disruption of CpG island
methylation has been documented in malignant cellular transformation [105].
Although there are no classical CpG islands within the HPV genome, regions of
high density and conservation of CpG sites [106] suggest the potential for a func-
tional role. The molecular basis and covalent alterations of methylation at individual
CpG sites are poorly understood.

The human papillomavirus (HPV) DNA includes a total of 113 CpGs that could
be potentially methylated. Several studies, mostly based on small convenience
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samples, showed different patterns of HPV DNA methylation in cervix cancer and
precancerous cervical lesions compared to cervical cells with transient HPV infec-
tion. In the uterine cervix, DNA methylation in the host cell genes and in the virus
genome could be an indicator of transforming HPV infection as well as a potential
biomarker of aggressiveness. Targeted methylation of CpG sites may represent a
mechanism by which HPV switches from a productive infection to one leading to
transformation [107]. Alternatively, methylation of HPV DNA may serve as a host
defense mechanism for silencing viral replication and transcription. Recent studies
have shown that methylation status of HPV viral DNA could help to identify the
presence of CIN2+ lesion in HPV infected women. [108—111]. Similar associations
between HPV methylation and other HPV-associated anogenital and head and neck
cancers have also been reported [112-115]. Among the several cell genes (>70)
investigated for methylation status, some showed consistently elevated methylation
in cervical cancers across the studies [116]. Different frequencies of methylation at
specific sites were found in association with high-grade lesions, and the results were
somehow not conclusive. [108, 109, 117] Although the results are already highly
promising, a valuation of the methylation of the viral genome of other oncogenic
HPYV types is still needed before clinical application.

8.9 MiIRNA

MiRNAs are endogenous, small noncoding single-stranded RNAs (~22 nt) that
regulate gene expression by interacting with multiple of RNAs and inducing
either translation suppression or degradation of RNA. Evidence suggests that
alteration of miRNAs might be involved in the pathogenesis of a variety of human
cancers, including cervical carcinoma. These differences frequently occur in
tumor-specific microRNA signatures which may be helpful for the determination
of the origin of the neoplasia and, sometimes, also specific tumor subtypes. Those
specific microRNAs are frequently located in cancer-related genomic regions,
which include fragile sites at or near HPV integration sites as well as common
breakpoint regions [118].

Several miRNAs have been shown to be dysregulated in cervical carcinoma and
could have a clinical use in the management of HPV-positive women as markers of
the risk of developing hgCIN as well as predictors of persistent infection, playing a
prognostic role in cancer survival [119, 120]. Different levels of some specific miR-
NAs have been observed in women with high-risk HPV, low-risk HPV, or HPV-free,
suggesting an interaction between HPV and miRNA expression [121].

miRNAs expression could be determinated by quantitative real-time PCR (RT
gPCR), by microarray able to measure the expression of tens of thousands of
mRNAs in a single assay depending on the microarray design or by NGS (next-
generation sequencing). Total RNAs are extracted from cervical samples, converted
into cDNA, analyzed. Results are then evaluated for miRNAs expression profiles
using bioinformatics analysis. At the present time, acfually miRNA analysis is used
only in research studies.
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8.10 Cervical Microbiota

The vaginal microenvironment plays an important role in reproductive health.
Commensal vaginal Lactobacillus spp. are thought to defend against pathogens and
sexually transmitted infections [122] through maintenance of a hostile pH [123];
production of species-specific metabolites, bacteriocins; and adherence to mucous
and disruption of biofilms [124—127]. Bacterial community structure is dynamic
and hormonally influenced with a propensity to become less stable during men-
struation [128] and conversely more stable and less diverse during normal preg-
nancy [129, 130]. The stability and composition of the vaginal microbiome may
play an important role in determining host innate immune response and susceptibil-
ity to infection.

It has been recently proposed that abnormal vaginal microbiota could play an
important role in the development of cervical neoplasm [131], but there are still
several gaps in knowledge regarding the association between vaginal and cervical
microbiomes and CC cancer development [132]. Microbiome could play a role in
mechanisms associated with clearance or persistence of HPV infection and with
CIN developing. Bacterial culture-based evidence indicates that some potential pro-
oncogenic pathogens, which may be members of commensal microbiota, contribute
to tumor initiation and development [133, 134]. The vaginal microbiome, amplified
from DNA isolated from exfoliated cervical cells, could be characterized by 16S
rRNA gene sequencing using different platforms (Sanger, Roche 454, Illumina
MiSeq). At the present time, vaginal microbiota analysis in cervical samples is
applied only in research studies.
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9.1 Introduction

Results from the College of American Pathologists Interlaboratory Comparison
Program in Nongynecologic Cytopathology suggest that cytology laboratories per-
form surprisingly well in the diagnosis of lymphoma and are often able to identify
the correct general diagnostic category even without immunophenotypic informa-
tion [1]. A recent review focused on the extant literature on endoscopic/endobron-
chial ultrasound-guided fine needle sampling (FNS) of deep-seated lymphomas
shows a favorable assessment in most studies [2]. Regardless, publications and
guidelines have cast doubt on the use of cytology for the diagnosis of lymphoprolif-
erative diseases [3, 4], an area where cytology has traditionally been restricted (or
relegated) to special specimen types such as those which are quantitatively minimal
or nonsolid (e.g., cerebrospinal fluid (CSF) or effusion samples). Even the casual
observer will find, however, that cytologic samples, if obtained and processed cor-
rectly, provide an excellent substrate for morphologic assessment which today still
remains the foundation of an accurate diagnosis in the vast majority of cases. On
occasion alternative sampling methods such as core needle biopsy and surgical
biopsy are indeed required. That may be the case in a number of situations in which
a final diagnosis more crucially depends on architectural features (somewhat
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analogous to “follicular neoplasms” in thyroid cytology) or whenever extensive
fibrosis or low tumor cell density preclude the acquisition of an adequate sample.
However, cytology reports for inadequate samples are usually released within short
time, and rapid on-site assessment provided in many centers often permits immedi-
ate addition of a core needle biopsy while the patient is still in the procedure room
[5]. Another argument put forward is the risk of sampling error. However, multiple
needle passes executed with proper technique may sample a lymph node more
extensively than a limited number of core needle biopsies. A final point made by
critics is often a lack of tissue for research purposes.

Although it is true that many cytologic samples are quantitatively more limited,
numerous studies (some of which are included in the following text) provide evidence
that modern pathology research can be performed successfully using cytology samples
as substrate. In the appropriate context, which includes training, expertise, and access
to ancillary techniques (in particular flow cytometry (FC)—after all nobody would
suggest that histopathology is any more accurate without the use of immunohistochem-
istry), fine needle cytology with or without core needle biopsy should be considered the
primary modality of assessment of nodal and extranodal masses including lymphopro-
liferative disease, while surgical excision should be reserved for those patients who
have not had the benefit of a specific diagnosis or appropriate classification of their
disease or whose clinical/radiologic presentation is not fully explained by the findings
of the needle sample. After all, when the same result can be achieved with less invasive
methods, is not the avoidance of costly and potentially harmful sampling procedures
also a quality feature of the health care we should provide?

9.2 Handling and Triage of Lymphoid Specimens

Successful assessment of lymphoid tissue in cytologic specimens requires a dedi-
cated approach to handling and laboratory processing [6]. Clinicians obtaining fine
needle samples may not have the skills or insight required for this task which ben-
efits greatly from rapid on-site evaluation (ROSE). ROSE has the dual goal of ensur-
ing specimen adequacy and appropriate handling for requisite ancillary studies.
Similarly, rapid assessment and laboratory-based triage (RALT) can be instituted
for a predetermined set of specimens repeatedly received by a certain cytology labo-
ratory. Both, ROSE and RALT are invaluable tools, which together guarantee the
highest chance of successfully arriving at an accurate and clinically relevant diag-
nosis, and constitute a most fundamental approach to the widely emphasized theme
of personalized medicine.

ROSE is a process during which a cytopathologist or cytotechnologist performs
an initial evaluation of a portion of the specimen in the course of the sampling pro-
cedure and provides immediate feedback to the clinician or radiologist. Beyond the
immediate effect on adequacy, ROSE is used to triage material for FC which usually
requires one or more dedicated needle passes which are rinsed into tissue culture
medium such as RPMI-1640 or other suitable carrier solutions. Time to delivery for
FC analysis should be minimized as much as possible, and refrigerated storage may
be necessary if an extended time is required for delivery to the laboratory. A portion
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of the cell suspension may be retained either by removing a liquid aliquot, generat-
ing cytocentrifuge slides, or by storage of DNA on FTA™ cards. Cytocentrifuge
slides further facilitate assessment for cellularity and morphology.

RALT permits evaluation of minimal specimens (e.g., CSF, vitreous fluid) or
those suspected to be involved by lymphoma (e.g., body cavity effusions) in a simi-
lar fashion. Removal of an aliquot immediately after laboratory accessioning and
processing as cytocentrifuge preparation permits assessment of specimen quality
(e.g., cell preservation, admixture of blood, and other benign components), cellular-
ity, and morphology. Potential outcomes of RALT are (1) morphologic assessment
alone (e.g., paucicellular CSF specimen with non-specific clinical presentation and
history), (2) morphology plus ancillary studies (e.g., FC for CSF with numerous
morphologically abnormal lymphoid cells), and (3) selection of an alternative/more
appropriate ancillary test (e.g., clonality analysis for paucicellular CSF with abnor-
mal cells in a patient with history of lymphoproliferative disease and new neuro-
logic symptoms).

9.3  Historical Perspective: Cytology and Ancillary Tests

Cozzolino et al. examined the history of FNS of lymph nodes and lymphoid organs
[7]. One of the earliest scientific accounts stems from the hematologist Hirschfeld
who studied lymphoproliferative lesions of the skin [8]. Because of the limitations
of morphology alone, ancillary methods were sought for the diagnosis and classifi-
cation of lymphoid lesions. Southern blotting for immunoglobulin gene rearrange-
ment studies was proposed in the 1980s in order to enhance the diagnostic efficacy
of FNS which was viewed as “safe, simple and economical” in most circumstances
compared to excisional biopsy [9]. Southern blotting was embraced by some cyto-
pathologists who found gene rearrangement studies useful in a subset of samples
not conclusively classifiable due to absent or equivocal surface immunophenotype,
T-cell derivation, or presence of a small or poorly differentiated neoplastic popula-
tion [10, 11]. Karyotyping was initially used with cytology specimens for the detec-
tion of t(8;14) and variant translocations [12—-14] as well as other, less common
situations to enhance the accuracy of lymphoma subtyping [15]. The morphologic
diversity of hematolymphoid neoplasms and continuously evolving classification
systems made it apparent that no single diagnostic method (except for morphologic
assessment) would be universally suitable, leading to the “birth” of the multiparam-
eter approach in the cytologic diagnosis of incident or recurrent lymphadenopathies
which in modernized form remains valid today [16-21]. Southern blotting, which is
cumbersome and time-consuming and requires high-quality DNA, was eventually
replaced by polymerase chain reaction (PCR) for the assessment of gene rearrange-
ments. Similarly, traditional cytogenetics, which requires time-consuming and labo-
rious cell culture for metaphase preparations, has been replaced for most mature
lymphoid neoplasms by fluorescence in situ hybridization (FISH) on interphase
nuclei which permits greater versatility and a turnaround time of hours if required.
These technological advances were paralleled by significant progress in the classi-
fication of hematolymphoid neoplasms with much greater emphasis on surface
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immunophenotype, cytogenetic, and molecular parameters for classification [22].
Even more sophisticated methods have made inroads which now permit insight into
changes at the genomic level (i.e., array comparative genomic hybridization, next-
generation sequencing) [23]. Thus, the cooperation between hematopathologists
and cytopathologists invoked in an early, eloquently written editorial [24] has
become now more important than ever in order to exploit the full potential of the
methods and technologies at the disposal of both specialties. Interestingly, although
an article weighing the pros and cons of cytologic diagnosis of lymphoma finds that
the sensitivity ranges widely (0-100%), 21 of the 30 articles (70%) included at the
time of writing reported a sensitivity greater than 80% in their ability to definitively
recognize non-Hodgkin lymphoma by FNA [25]. Others have reported an excep-
tionally high diagnostic efficacy in their practice setting with considerable sensitiv-
ity (96.9%), specificity (86.7%), positive predictive value (PPV) (96.9%), and
negative predictive value (NPV) (86.7%) despite the potential for sampling error in
a subset of fairly well-characterized scenarios such as Hodgkin lymphoma [26].
Thus, the experience of several groups contradicts the negative view voiced by some
[3, 27] and supports FNA combined with FC as a suitable initial approach in the
diagnosis of both primary and recurrent lymphoma which obviates the need for a
surgical biopsy in a substantial number of patients either in isolation or through
combination with core needle biopsy [28-32].

Although the use of FNS requires a minimum of technological infrastructure,
which makes it attractive not only in resource-limited settings [33], the multiplicity
of preparatory techniques at the disposal of the cytopathologist (as opposed to the
relative uniformity of tissue preparation, processing, staining in surgical pathology)
requires careful consideration of the pre-analytical factors such as the most appro-
priate sample storage medium [34, 35]. Assessment of the morphologic features
(which includes microarchitectural clues such as the presence of numerous germi-
nal center fragments in follicular lymphoma in conjunction with a lack of the dis-
tinct polymorphism normally encountered in reactive lymphoid hyperplasia) is the
next step [36]. Diagnosis and subclassification especially of low-grade lymphomas
relies substantially on data derived from appropriately chosen ancillary studies with
immunophenotyping (either by FC or less commonly immunocytochemistry) as the
cornerstone [37]. FISH and PCR are utilized in specific circumstances including
those with limited or equivocal immunophenotype and, increasingly, to obtain addi-
tional data of prognostic or predictive value [6, 38].

Common situations in which the presence of lymphoma in a sample may be
missed are those in which (1) ancillary tests are not performed (e.g., due to limited
cellularity or erroneously omitted due to prevailing polymorphous morphology
such as in marginal zone lymphoma or partial lymph node involvement by lym-
phoma), (2) neoplastic cells are rare (e.g., in Hodgkin lymphoma), or (3) reactive
changes or admixed benign tissue (e.g., granulomatous inflammation) disguise the
lymphoproliferative process both morphologically and immunophenotypically.
Critical assessment of ancillary testing results in the context of morphologic, radio-
logic, and clinical findings is essential to avoid these pitfalls, and an algorithmic
rather than a “shotgun” use of ancillary tests is more likely to be successful. For
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instance, PCR is most useful in the occasional B-cell neoplasm which lacks surface
immunoglobulin light chain expression (the usual surrogate for a clonal population
if monotypic) and in T-cell neoplasms. It must be kept in mind that the value of a
negative result is limited due to the potential for a false-negative test arising from
admixture of polyclonal cells (especially if lymphoid), lack of primer binding (due
to somatic hypermutation), or other reasons [19]. Additionally, detection of a clonal
population is not, on its own, diagnostic of neoplasia as small clonal populations
may occur under physiologic conditions. An early study applying the multiparam-
eter approach showed high sensitivity (91%), specificity (95%), and accuracy (97%)
but found PCR analysis to be the least helpful ancillary test and occasionally mis-
leading [39]. Similarly positive assessments are also seen in more recent reports
which utilize the full spectrum of modern ancillary methods [20].

In conclusion, the value of ancillary studies to establish the immunophenotypic,
cytogenetic, and molecular features of a hematolymphoid neoplasm cannot be over-
stated, but morphologic evaluation crucially guides their selection and clinical judg-
ment (including patient history, disease presentation, sample adequacy, test
characteristics, result communication, management decisions) is essential. Thorough
training, familiarity with the pitfalls and dedication to proper specimen handling are
at the heart of success in the cytopathological diagnosis and classification of lym-
phoma. Even when taking into account a recent critical assessment [27], cytopathol-
ogy has the potential to avoid unnecessary surgery in well over half of the patients
with lymphoma and certainly a much larger proportion of patients presenting for the
initial workup of lymphadenopathy of unknown cause [32]. Keeping the pitfalls in
mind, cytopathologists should have the courage to use the skills acquired in more
traditional settings, such as effusion cytology [40], and apply them more extensively.

94 In Situ Hybridization (ISH) in Hematolymphoid
Cytopathology

One of the earliest studies using the generation of DNA-RNA hybrids in cytological
preparations of Xenopus oocytes was published by Gall and Purdue in 1969 [41]. Since
then the method of in situ hybridization (ISH) for the detection of specific chromo-
somal sequences, in particular translocations and other structural chromosome rear-
rangements, has entered the standard repertoire of cytogenetics laboratories around the
world with a wide array of applications using commercially available reagents. In the
diagnosis of lymphoid neoplasms, ISH has largely replaced conventional cytogenetics
which requires fresh tissue, time-consuming cell culture and meticulous specimen
preparation now reserved for special circumstances or research applications [42—44].
The most common variation essentially utilizes fluorescently labelled DNA sequences
(probes) for the detection of a sequence of interest in cells during interphase (I-FISH)
observed with a fluorescence microscope (Fig. 9.1a, b). Replacement of the fluorescent
label by a chromogen suitable for light microscopy is termed chromogenic in situ
hybridization (CISH). Use of cells after culture and cell cycle arrest (metaphase FISH)
permits the exact visualization of a sequence or rearrangement in the chromosomal
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Fig.9.1 FISH in hematolymphoid cytopathology. (a) Schematic of the t(14;18)(q32;q21) translo-
cation (not to scale) involving IGH on chromosome 14 and BCL2 on chromosome 18. Probe loca-
tion and color shown above each gene is to illustrate the dual-color dual-fusion design. BCL2 is
shown with the major breakpoint region and the minor cluster region (arrows). BCL2 “Red” FISH
probe with dashed line and arrow indicates extension of the probe to the left (not represented). (b)
Two derivative chromosomes result from t(14;18)(q32;q21) rearrangement. Arrangement of the 5’
region of BCL2 next to D, J, and constant segments of IGH on derivative chromosome 14 causes
illegitimate BCL2 expression driven by IGH downstream enhancers. Juxtaposition of red and
green FISH probes results in a yellow fusion signal. Abbreviations: CHR chromosome, DER deriv-
ative, cen centromere, tel telomere. (¢) I-FISH study using a dual-color dual-fusion design to detect
t(11;14) (q13;q32) in mantle cell lymphoma. Fusion signals (horizontal yellow arrows) appear as
adjacent red and green signals or overlapping yellow to orange dots. Each cell also shows the sin-
gle red and green signal of the germline alleles. (d) I-FISH study of a Burkitt lymphoma illustrat-
ing the use of a break-apart probe spanning 8q24 to confirm a MYC translocation. Two interphase
tumor cells and an adjacent metaphase have been photographed using a triple band pass filter (blue/
green/red). Germline configuration is indicated by juxtaposed green and red fluorophores (vertical
yellow arrows). Separation of the red (horizontal red arrows) and green signals (horizontal green
arrows) indicates rearrangement. Inset shows a benign small lymphocyte (two yellow signals) and
a lymphoma cell with one red, one green and one germline (arrow) signal. Size bar, 20 pm
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context. RNA (riboprobes) and peptide nucleic acids (PNAs) which consist of bases
joined by a peptide-like backbone are alternatives to DNA probes.

I-FISH is a rapid and powerful technique for the clinical detection of numeric
and structural abnormalities even in small subpopulations [45]. Unique sequence or
locus-specific probes are used to detect the loss, gain, or structural rearrangement of
genes or chromosomal regions of interest. The probes, which are labelled with dif-
ferent fluorophores, are designed to hybridize with two sequences on different loci
in order to detect either their juxtaposition or separation. Single fusion probes
designed to overlap either the 5’ or 3’ end of the two chromosomal areas would be
expected to show two red and two green signals in a normal cell and one red, one
green, and one yellow fusion signal in case of a translocation. A disadvantage of
their simple design, especially for detection of gene fusions, is the possibility for
random close proximity of the signals with resulting false-positive results. This has
largely eliminated the use of single fusion probes in clinical applications. Much
higher specificity and sensitivity is achieved with the use of two locus-specific
probes which span the regions or genes involved in a balanced rearrangement (e.g.,
reciprocal translocation of IGH on chromosome 14 and CCNDI1 on chromosome
11 in mantle cell lymphoma) [46, 47] (Fig. 9.1c). This dual-color dual-fusion design
produces two fusion signals (yellow x2) with colocalization of the regions involved
in the rearrangement and two signals (red x1, green x1) for the germline, unaffected
allele [48, 49]. Dual-color break-apart probes are essentially the reverse design [49].
In this case the germline cell would show two yellow signals resulting from red and
green fluorophores in close proximity, and a translocation would produce one red,
one green, and one yellow signal. Break-apart probes are particularly useful in situ-
ations in which a translocation can involve multiple different partners. Centromeric
probes targeted at repetitive alpha and beta satellite sequences of chromosomes can
be, if unique, used for chromosome enumeration to detect aneuploidies. Telomeric
probes are suitable for the detection of changes at the tandemly repeated chromo-
some ends. Complex rearrangements can be studied with whole-chromosome paint-
ing probes, multiplex-FISH using 24 colors, or spectral karyotyping, but the use of
these methods in the routine clinical context is limited [49].

Direct smears, cytospin preparations, or formalin-fixed paraffin-embedded
(FFPE) cell block material can be used as long as a monolayer is produced with
limited overlap between neighboring nuclei. The basic steps consist of denaturation
of probe and target, hybridization, washing to remove excess probe, and signal
detection. Evaluation of FISH preparations and result reporting follows specific cri-
teria which depend on the test substrate (intact cells or sections), the hybridization
quality, probe design, and predetermined cutoff values (e.g., mean with three stan-
dard deviations or binominal distribution with 95% confidence interval). Cytologic
preparations (i.e., direct smears, cytospin slides, tissue imprints, liquid-based prepa-
rations) have advantages over FFPE tissues such as lack of truncation artifact that
arises from partial representation of nuclei in 4 pm thickness sections [50]. Some
authors have proposed the extraction of nuclei from FFPE material [51], but up-
front preparation of a cytologic sample easily circumvents this problem. Fine needle
samples often contain less stromal tissue (compared to core needle or surgical biop-
sies) which facilitates scoring. The feasibility of sequential re-hybridization of
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single cytology slides has also been demonstrated [50]. Clinical use of FISH requires
training to obtain the requisite analytical and post-analytical skills, probe and ana-
Iytical validation, knowledge about interpretation and reporting of typical and atypi-
cal results, and administration of a quality program in accordance with the extant
guidelines relevant to the individual laboratory [52].

The purpose of genetic studies including FISH in cytologic specimens with sus-
pected hematolymphoid disorders is most commonly the detection of abnormalities
that either serve as (1) proof of the clonal nature of the disease and/or provide (2)
clues to the specific classification of a neoplasm or (3) are of prognostic and/or
predictive value. In a study using both conventional cytogenetics and FISH, struc-
tural chromosomal abnormalities were more common than numerical abnormalities
in mature B- and T-cell neoplasms, and FISH revealed rearrangements unsuspected
by conventional cytogenetics in 48% of the cases [53]. The vast majority of the
neoplasms encountered in the adult patient are mature B- or, less commonly, T-cell
neoplasms. Some, such as the already mentioned mantle cell lymphoma, have more
or less specific, recurrent abnormalities, most frequently translocation with the
immunoglobulin heavy chain (IGH, 14q32) or one of the two (IGL, 22ql1or IGK,
2p12) light chain loci. I-FISH is an invaluable tool due to the poor in vitro growth
of these neoplasms which limits studies reliant on metaphase preparations.

Although no translocation is pathognomonic for a specific lymphoma type,
detection of a recurrent abnormality is strong evidence in favor of a clonal process,
especially in cases with equivocal or missing immunophenotypic data [54]. For
instance, detection of a rearrangement involving IGH (14q32) can be used to distin-
guish a neoplastic from a reactive lymphoid process [48]. Using a break-apart IGH
FISH-CISH approach (which takes advantage of antibodies specific to the FISH
fluorochromes for chromogen labelling), high sensitivity (83%), specificity (100%),
PPV (100%), and NPV (60%) for the diagnosis (although not classification) of lym-
phoma were reported [55]. FISH for t(14;18)(q32;q21) detects the IGH-BCL2
translocation and is one of the most commonly used studies in cytologic specimens
where it is often performed for the purpose of classification in suspected follicular
lymphomas [54, 56]. FISH is better suited than PCR for the detection of t(14;18)
due to the wide variation in chromosomal break points which would require techni-
cally demanding long-distance PCR to ensure detection [57-59]. Approximately
80% of the follicular lymphomas harbor this translocation [60], but it is also found
in 20-30% of diffuse large B-cell lymphomas (DLBCL) in which case it is charac-
teristic of the germinal center B-like subtype, associated with better prognosis and
raises the possibility of transformation from an occult follicular lymphoma.
Similarly, a FISH-detectable rearrangement such as t(14;18) can support a clonal
relationship between synchronous or metachronous neoplasms [61]. Notably, FISH
detection of t(14;18) has been reported to be slightly more sensitive (85%) for the
detection of follicular lymphoma in cytologic specimens than FC (75%) based on
CD19+/CD10+ co-expression [62]. Another commonly encountered situation is
suspected marginal zone lymphoma (MZL) where FISH studies can clinch the diag-
nosis in cases that would otherwise be equivocal due to the non-specific immuno-
phenotype encountered in this lymphoma and/or the limitations posed by the
material available for analysis (e.g., bronchoalveolar lavage fluid (BAL)) [63, 64].
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FISH adds crucial prognostic information. In chronic lymphocytic leukemia/
small lymphocytic lymphoma (CLL/SLL), the detection of abnormalities associ-
ated with poor prognosis and poor treatment response (e.g., dell7p, TP53) or
Richter’s transformation [65-69] is clinically important. Identification of aggres-
sive, so-called “double-hit” or “triple-hit” large B-cell lymphomas with concurrent
rearrangements of MYC (8q24) [70-72] with BCL2 (18q21) and/or BCL6 (3q27)
[73] relies on FISH studies. Similarly, Burkitt lymphoma, which requires an accu-
rate and expedited diagnosis due to its highly aggressive behavior, almost always
shows rearrangement of MYC (8q24), mostly as t(8;14), which is readily detectable
by FISH [74, 75] (Fig. 9.1d). Less common but often diagnostically challenging are
lymphomas of T- and NK-cell differentiation which, with some geographic varia-
tion, constitute approximately 10% or less of the mature lymphoid neoplasms [22].
Among them anaplastic large cell lymphoma (ALCL) is a subtype which presents
with several morphologic variants (including “common” anaplastic, small cell,
Hodgkin-like, and lymphohistiocytic) and can mimic both carcinoma and sarcoma.
Detection of rearrangements of ALK (2p23), mostly with NPM as partner resulting
in t(2;5)(p23;q35), not only facilitates the diagnosis but also provides prognostic
information due to a more favorable clinical course of the translocation-positive
subgroup [76]. In addition, patients whose tumor harbors the t(2;5) translocation
may benefit from newly developed targeted therapies [77].

Epstein-Barr virus (EBV) is a double-stranded DNA virus with tropism to lym-
phocytes and other human cells that has been linked to benign and malignant condi-
tions including a spectrum of lymphoproliferative disorders such as Burkitt
lymphoma, Hodgkin lymphoma, subtypes of large B-cell lymphoma, post-transplant
lymphoproliferative disorder, lymphomatoid granulomatosis, and T-/NK-cell lym-
phomas [78]. EBV-encoded RNA (EBER) is detectable during acute infection as
well as viral latency, which has three distinct types (I-III), and is associated with
EBV-related malignancies [78]. EBER-ISH, as surrogate for latent EBV infection,
aids in the classification of these neoplasms and often carries prognostic value. The
test is commonly performed on FFPE tissue or similarly prepared cell block sections
of cytologic specimens [79-81]. Cell block preparations using a proprietary system
and methanol-based cytology fixative were found compatible [35]. Garady et al.
examined the success rate in cytology preparations from FNAs and effusion speci-
men and found 4/10 failed assays performed on cytospin slides (mostly due to loss of
material) as opposed to 2/50 failed assays for FFPE cell block sections with an oth-
erwise high concordance between cytology and follow-up surgical samples [82].

In summary, ISH is a robust, versatile, and fast method to obtain information
about cytogenetic alterations which may prove of diagnostic, prognostic, and/or
predictive value. It may detect a broad variety of genetic rearrangements without
requirement for knowledge about the exact sequence alteration, can give clinically
useful results even in situations where breakpoints are widely dispersed or fusion
partners vary, and is readily applicable to cytologic samples. In the context of a
multiparameter approach to lymphoma diagnosis in cytologic samples, FISH is
most often used as first- or second-line ancillary study after or in conjunction with
immunophenotyping (mostly FC analysis) or in the context of lacking/equivocal



9 Molecular Applications in Hematolymphoid Cytology 161

immunophenotypic data. Due to the increasing use of cytogenetic information for
appropriate treatment, the use of FISH in lymphoma diagnosis is expected to
increase further, and cytologic preparations may gain in importance since they can
circumvent some problems encountered with FFPE tissue sections. Cytologic prep-
arations may be particularly worthwhile if automated FISH analysis for increased
throughput is considered [83, 84], an area which requires further research.

9.5 Polymerase Chain Reaction (PCR) in Hematolymphoid
Cytopathology

The next most important ancillary test in the evaluation of suspected lymphoid neo-
plasms, after immunophenotyping and ISH, is PCR which is currently utilized
mostly if preceding studies yield insufficient or equivocal information [6] or up
front in specimens in which paucicellularity precludes the use of other techniques.
In some situations, depending on the individual laboratory setup, additional consid-
erations such as turnaround time may come into play for the selection of the most
appropriate ancillary test [85]. PCR for gene rearrangement studies was propelled
to the forefront in the early 1990s by its technical simplicity and high sensitivity in
comparison with Southern blotting [10, 16, 86—-89]. PCR can be performed on DNA
which is minimal in quantity (and therefore ideal in cytology specimens), obtained
from fresh and archived—even FFPE—specimens [90-94], has a high sensitivity
[94], permits fast turnaround especially if coupled with automated analysis [95],
and avoids radioactivity in the detection of its reaction product(s) [88]. Stained
slides, either Romanowsky or Papanicolaou, are convenient sources of DNA; how-
ever, immunocytochemistry stained slides have been found unsuitable in one study
[96]. In situations where prior staining provides an obstacle, simple pretreatment
steps may be beneficial [97].

The main role of PCR in hematolymphoid cytopathology is to detect clonal
immunoglobulin (IG) heavy chain gene rearrangements and a subset of structural
rearrangements with sufficiently repetitive breakpoints (Fig. 9.2). Some significant
limitations and analytical requirements were recognized early and include the pos-
sibility of false-negative results which can arise from inadvertent sampling of resid-
ual nonneoplastic portions of an enlarged lymph node [98] or substantial admixture
of polyclonal lymphoid cells which mask the detection of a small monoclonal com-
ponent [99]. False-negative results may also occur due to mutational events that
cause alteration or removal of primer binding sites, such as extensive and ongoing
somatic hypermutation (e.g., follicular lymphoma, marginal zone lymphoma,
DLBCL), atypical rearrangements, and translocation events that involve the IGH
gene or germline configuration of the target sequence which effectively prevents the
generation of a PCR product. A false-negative rate of approximately 10% even with
modern PCR methods has been reported [100, 101]. High load of somatic hypermu-
tation and abundant polyclonal lymphoid background hamper the detection of IGH
rearrangements in Hodgkin lymphomas even with modern assays [102]. Sources of
false-positive results include contamination with DNA from other samples,
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Fig. 9.2 PCR in hematolymphoid cytopathology. (a) Immunoglobulin heavy chain (IGH) diver-
sity is generated through somatic recombination during pro-B cell development. Recombination is
initiated first between diversity (D) and junction (J) regions which include an insertion of random
nucleotides (asterisk) intervening the regions. After successful D-J recombination, the process is
repeated with fusion of the variable (V) region to the DJ region in the same manner. Further matu-
ration of the IGH region occurs in the germinal center through somatic hypermutation (illustrated
by red banding) leading to further diversification of the IGH repertoire. The mu enhancer region
(e) regulates transcription of the IGH locus in the functionally rearranged VDI region. The
enhancer may be coopted to drive abnormal expression of genes subsequent to translocation events
(e.g., BCL2 in follicular lymphoma, CCND1 in mantle cell lymphomas, or MYC in Burkitt lym-
phoma). IGH clonality testing utilizes primer sequence homology within framework regions for
each V region family and within the J regions (directional arrowheads). (b) Genomic spacing of
IGH elements effectively prevents amplification of germline or partially rearranged sequences.
Random insertion of nucleotides ensures that each “clone” is represented by a unique amplified
fragment length polymorphism (AFLP)—even in instances of separate B-cell populations utilizing
the same VDJ regions. IGH clonality testing relies on recombined B-cell IGH loci represented by
unique AFLP peaks. Peak height/intensity is proportional to clone size: a single or markedly domi-
nant peak is indicative of a clonal population. Codominant or multiple peaks may indicate bi-/oli-
goclonal populations. Sampling of a normal IGH repertoire results in a Gaussian distribution. (c)
May-Griinwald-Giemsa stained direct smear of a fine needle sample obtained from a 23-year-old
man with inguinal lymphadenopathy and chronic eosinophilia. A mixture of small lymphocytes,
eosinophils, and blasts with immature chromatin and nucleoli is present. Flow cytometry con-
firmed T-cell acute lymphoblastic leukemia (ALL). (d) Real-time quantitative PCR performed on
the sample shown in (¢) demonstrated a FIP1L1-PDGFRA fusion which is susceptible to tyrosine
kinase inhibition (TagMan assay®, ABI 7900 sequence detector)
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so-called pseudoclonality (especially with nested/semi-nested PCR designs), and/or
preferential amplification of small lymphocyte populations in the context of a
stimulated immune system or immunodeficiency/immunosenescence (e.g., HIV
infection, autoimmune conditions, posttransplantation status, advanced age) [102,
103]. Recognition of these limitations resulted in emphasis on the need for proper
laboratory procedures to prevent contamination, inclusion of controls, duplicate
reactions, sequence-specific methods for result confirmation, and, most signifi-
cantly, clinicopathologic correlation [104, 105].

Many different primer sets and PCR designs were explored initially by individ-
ual laboratories resulting in differences in sensitivity and applicability. While semi-
nested PCR was commonly employed, an early study with single primer pair design,
although less sensitive than FC, successfully detected an additional 14% of mono-
clonal cytology specimens [106]. Subsequent studies with single primer pair PCR
showed sensitivities that rivaled or exceeded those of FC, and combination of both
ancillary techniques showed high sensitivity (96%) with a relatively low number of
false-positive results [96, 107, 108]. In 2003 the results of the BIOMED-2 Concerted
Action Project, a collaboration of 47 institutes from seven European countries, were
published which outlined in detail the experimental conditions for a series of multi-
plex PCR assays [109]. The adoption of standardized methodologies with commer-
cially available reagents helped to decrease inaccurate, often false-negative results
and facilitated comparison between laboratories. The subsequent publication of the
EuroClonality/BIOMED-2 guidelines was aimed at standardization of the pre-
analytical and post-analytical phase and included (a) technical description of
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possible multiplex PCR results and (b) guidance with respect to the interpretation of
GeneScan and electrophoresis gel-based analysis applicable to at least 95% of rou-
tine cases [110]. This standard has been embraced worldwide and is applicable to a
wide variety of specimens including material recovered from stained cytologic
smear preparations [102]. A PPV of 100% has been reported for unequivocally
monoclonal results [102]. However, sensitivity and specificity issues for certain tar-
gets remain and require a thoughtful selection of the most suitable test for a given
clinical scenario [59, 102].

Body cavity fluids require accurate diagnosis due to the poor prognosis associ-
ated with malignant effusions, and PCR is readily applicable [111]. Frontline tests
in most cases include FC or immunocytochemistry and ISH including EBER-ISH
[112]. Pre-analytical variables, such as the submission of unfixed sample of suffi-
cient quantity and refrigerated storage if assessment or triage for required tests is
delayed, require attention. Studies targeting IGH, TCRG, and t(14;18) by PCR and
Southern blotting have been found to support the diagnosis of lymphoma in effu-
sions morphologically classified as suspicious and are especially valuable in cases
with missing or inconclusive immunophenotype [113]. Clinical correlation is para-
mount and over-interpretation of isolated PCR results should be avoided [114].
However, if data from multiple sources are taken together, clonality assessment may
assist greatly in the distinction between nonneoplastic conditions and neoplastic
proliferations (e.g., plasmablastic lymphoma, primary effusion lymphoma) involv-
ing serous cavities [112, 115].

Another typical cytology specimen which often raises the differential diagnosis of
inflammation versus lymphoid neoplasia is BAL fluid. Marginal zone lymphoma and
other lymphoproliferative disorders may primarily or secondarily involve the pulmo-
nary parenchyma where they can mimic inflammatory processes clinically as well as
morphologically. PCR on BAL fluid may be a viable strategy if the cellularity is too
low for FC or if reactive T-cells predominate [116]. A prospective study demon-
strated good PPV and NPV (82% and 95%, respectively) of PCR coupled with
sequencing and heteroduplex analysis; although the authors emphasize in their report
that a detectable B-cell clone does not equal pulmonary lymphoma since several
cases of autoimmune inflammation also showed monoclonal B-cell expansion [117].
Another organ site with frequent morphologic overlap between autoimmune inflam-
mation and lymphoma is the thyroid gland. Judicious use of PCR and interpretation
in the context of clinical, radiologic, morphologic, and immunophenotypic findings
is warranted. Encouraging results have been reported with PCR supporting the diag-
nosis of MALT lymphoma [118, 119] or ruling out lymphoma in Hashimoto thyroid-
itis with skewed light chain ratio by FC [120, 121]. A somewhat analogous situation
may be encountered in the context of lymphoid proliferations involving the skin,
mucosal sites, and tributary lymph nodes. This may involve the assessment of nod-
ules or tumors presenting with the clinical differential diagnosis of cutaneous lym-
phoma or, in cases of a previously established cutaneous lymphoma, the prognostically
important assessment of potentially involved lymph nodes. The concept was exam-
ined in a study focused on cutaneous T-cell lymphomas with lymphadenopathy
thought to represent either nodal lymphoma involvement or dermatopathic
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lymphadenopathy which found a poor correlation between PCR results and morpho-
logic evaluation [122]. Correlation with FC was hampered by the limited number of
cases. However, the authors felt that cytomorphologic assessment was still useful due
to the strong correlation with histopathologic findings [122]. Authors of a more
recent study provided results in favor of FNS of enlarged lymph nodes in mycosis
fungoides and Sezary syndrome using cytomorphology and FC, while PCR was only
applied in cases with missing or equivocal immunophenotype [123]. A similar strat-
egy was employed successfully by Vigliar et al. [124]. Although few studies have
examined FNS of mucosal sites in the context of lymphoproliferative disease and
ancillary testing, Cozzolino et al. demonstrated its feasibility and usefulness even
though final lymphoma classification may require deferral to tissue evaluation in a
proportion of the cases [125]. PCR, again, was most useful if immunophenotypic
data were equivocal or lacking [125].

Several studies examined the contribution of PCR to the assessment of cerebro-
spinal and vitreous fluid samples. Accurate and early detection of primary or second-
ary involvement by lymphoma in the central nervous system or eye is of great clinical
importance but often fraught with difficulty due to quantitative and/or qualitative
limitations of the specimen. Ancillary tests applicable to these limited specimens are
needed, and PCR may fill this gap by improving the sensitivity of lymphoma detec-
tion beyond the level achieved by cytomorphology [126, 127]. PCR can facilitate
detection of secondary lymphoma involvement in cases with equivocal morphology
if a known molecular alteration of the neoplastic cells can be demonstrated [128] and
can distinguish neoplastic disease from inflammation [129, 130] potentially avoiding
more invasive tests including biopsy. Again, caution is warranted due to the potential
for false-positive results [131]. Real-time PCR has been explored in pediatric patients
with acute lymphoblastic leukemia and may be valuable if cytology and FC fail to
detect the neoplastic cells, but central nervous system manifestations are present, or
in cases with quantitatively insufficient samples [132]. Additional studies such as
sequence analysis and comparison of the detected PCR product with previous sam-
ples may be necessary for clinically meaningful interpretation [133]. Modifications
such as single-cell PCR [134] and PCR after direct cell lysis which may detect as
little as 20 tumor cells [135] have been explored to improve the detection sensitivity.
However, despite all technological advances, the pre-analytical steps with dedicated,
cautious, and rapid processing followed by careful selection of the most suitable
ancillary technique [136] remain among the most important factors and can be influ-
enced by incorporation of early assessment steps such as RALT.

9.6 From Discovery Tools to Clinical Use: Next-Generation
Sequencing and Other Technologies

Major scientific discoveries and technological progress have resulted from the com-
petitive endeavor to sequence the human genome which shaped our understanding
of neoplastic disease including the cancers of the hematolymphoid system [137].
Gene expression profiling, using cDNA after RNA reverse transcription, led to
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important inroads in the classification of DLBCL, a biologically heterogeneous dis-
ease which constitutes 25-30% of adult non-Hodgkin lymphomas in Western coun-
tries and an even higher percentage in the developing world [22]. This work revealed
distinct gene expression patterns of activated (reminiscent of, but not identical to,
activated peripheral blood B cells) B-like (ABC) and germinal center B-like (GCB)
DLBCL which are not obviously related to histological subtypes but associated with
statistically significant differences in overall survival and event-free survival [138].
Although considerable heterogeneity remains within each subgroup, the authors
concluded that the use of molecular methods redefines our concept of what consti-
tutes a disease entity [138]. Recent advancement has made interrogation of these
so-called “cell-of-origin” (COO) categories applicable to FFPE (rather than frozen)
tissue with a misassignment rate of only 2% which compares favorably to immuno-
histochemistry-based algorithms and combined with a rapid turnaround may enable
prospective selection of patients for more appropriate management and potential
clinical trials [139]. Data suggest that the COO classification remains prognosti-
cally relevant even in the context of BCL2 and MYC protein status [140], an immu-
nohistochemical feature recently termed “double-expressor lymphoma” [141]. A
2006 study using Affymetrix technology demonstrated the feasibility of gene
expression profiling for the identification of ABC and GCB signatures in fine needle
samples as well as separation of DLBCL from follicular lymphoma [142]. In addi-
tion, a proof-of-principle study established that archival cytospin preparation is an
adequate source of DNA for high-throughput multiplex mutation profiling using
Sequenom’s MassARRAY platform to detect mutations in EZH2, CD79B, and
MYDS88 which are related to the COO classification [143]. The same group previ-
ously demonstrated that other DNA sources such as direct smears and FTA cards are
adequate, similar to frozen tissue, and suitable for the detection of tumor progres-
sion- or heterogeneity-related molecular events [144]. Post-transcriptional modifi-
cation of histones appears to be of key importance in the pathogenesis of lymphomas
of GCB phenotype with altered gene regulation due to deregulated histone modifi-
cation as a core driver event in NHL [145].

A revised version of the monograph associated with the 2008 World Health
Organization (WHO) classification of hematopoietic and lymphoid tumors contin-
ues the current development of a detailed molecular characterization and reclassifi-
cation of traditionally defined entities [141]. This is exemplified in several areas
such as the discovery of BRAF V60OE mutations by genome-wide massively paral-
lel sequencing in almost all cases of hairy cell leukemia (HCL), but not HCL-variant
or other B-cell lymphomas, consistent with an alteration that constitutes a major
driver (as opposed to a passenger mutation) of oncogenesis in this disease [146].
The same research group recently introduced a simple and sensitive allele-specific
PCR assay which was used to confirm their initial results [147]. Although disease-
defining in this particular context, BRAF V60OE has been detected in numerous
other neoplasms including Langerhans cell (LCH) and non-Langerhans cell histio-
cytosis (non-LCH) [148]. Indeed, the spectrum of molecular changes shows surpris-
ing similarities across different cell types such that activating MAP2K1 mutations
seen with high prevalence in atypical/IGHV4-34 expressing HCL and HCL-variant
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[149, 150] are also identified in BRAF V600E-negative LCH and non-LCH [151,
152]. The clinical relevance of a comprehensive genomic analysis is underlined by
the fact that neoplastic proliferations driven by MAP2K1 are unlikely to respond to
inhibitors targeting the upstream BRAF protein while more appropriately selected
inhibitors may result in a treatment effect similar to that observed in their BRAF-
mutant cousins [151, 152].

In several entities molecular characterization has led to refined models of
pathogenesis. One example is mantle cell lymphoma for which two molecularly
distinct subtypes (minimally mutated/unmutated immunoglobulin IGHV, SOX11+
versus hypermutated IGHV, SOX11-) of potential clinical significance are pro-
posed [153]. A recent study using whole-genome sequencing (including paired
tumor/germline samples) led to the discovery of MYD88 L265P mutations in
90% of Waldenstrom macroglobulinemia (WM) patients as well as, in a much
small proportion of cases, CXCR4 and ARID1A mutations [154]. The authors of
this study hypothesized that the multitude of molecular changes are a reflection of
a multistep process for WM evolution from IgM MGUS [154]. The exact details
of this process remain to be elucidated. The same MYDS88 mutation, however,
which is involved in NFkB signaling, has previously been identified in ABC-
DLBCL [155]. Another example among the B-cell NHLs is splenic marginal zone
lymphoma (SMZL) which shows recurrent somatic NOTCH2 mutations associ-
ated with an adverse clinical outcome in 25% of cases [156]. NOTCH2 mutations
were not found in other B-cell lymphomas and leukemias [156]. More recent
work with whole-exome sequencing succeeded in identifying KLF2 mutations in
42% of SMZL as most common genetic change and describes an association with
IGHV1-2 rearrangement and 7q deletion, while MYD88 and TP53 mutations
were found in SMZL without KLF2 mutation leading to the proposal of a dichoto-
mous model of origin from T-cell-independent marginal zone B cells versus
T-cell-dependent marginal zone B cells [157]. Making the information gleaned
from time-consuming and complex research efforts accessible for clinical use is a
priority. Methodologies are emerging such as a recently described high-through-
put RNA expression profiling system which potentially permits a complete diag-
nostic and prognostic workup of chronic lymphocytic leukemia in a single assay
based on a 61 gene panel [158].

Despite increasingly sophisticated molecular characterization, (cyto-)mor-
phology and immunophenotype remain the pillars of lymphoma classification
even though sample sizes will predictably decrease—a trend already seen in daily
practice. A case in point is the newly discovered TBL1XR1/TP63 rearrangement
involving two genes flanking the BCL6 locus on chromosome 3 which is detect-
able in 5% of GCB-DLBCL (and rarely in follicular lymphoma) and may be
related to treatment-refractory disease [159]. Indeed, TP63 rearrangements are
also found in 5.8% of peripheral T-cell lymphomas (PTCL) (including peripheral
T-cell lymphoma - not otherwise specified, ALK-negative ALCL, and primary
cutaneous ALCL), mostly with TBL1XR1 as partner gene and, again, associated
with poorer prognosis [160]. Interestingly, p63 abnormalities were only one of
five p53-related rearrangements detected in 67% of PTCLs in this study pointing
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toward a potential constellation of abnormalities with common endpoint in lym-
phoma pathogenesis [160].

Changes in the revised WHO monograph with advanced molecular characteriza-
tion as underpinning also affect the classification of T-/NK-cell neoplasms. For
instance, a combination of whole-exome and RNA sequencing led to the identifica-
tion of activating STAT5B mutations in gamma-delta PTCL including monomor-
phic epitheliotropic intestinal T-cell lymphoma (previously EATL, type II) which
may be pivotal in pathogenesis and as potential therapeutic target [161]. This abnor-
mality was not detected in enteropathy-associated T-cell lymphoma (previously
EATL, type I) which may be encountered in cytologic samples obtained by endo-
scopic ultrasound-guided or CT-guided procedures [162]. The translocation t(6;7)
identified by next-generation sequencing using a mate-pair strategy for examination
of the genome structure is the first recurrent translocation identified in ALK-negative
ALCL (both primary cutaneous and systemic) and involves DUSP22 on chromo-
some 6, a dual-specific phosphatase and putative tumor suppressor which is down-
regulated [163]. The experimental strategy used in this particular study, as opposed
to transcriptome sequencing, permits the identification of rearrangements which do
not result in the expression of a fusion gene [163]. Finally, the identification of fre-
quent somatic mutation in RHOA, a GTPase protein belonging to the RAS family,
by exome and transcriptome sequencing in 53—-68% of angioimmunoblastic T-cell
lymphomas is another example of a recently reported driver mutation in a T-cell
malignancy [164—166].

Conclusion

Molecular testing is an integral part of the diagnostic workup and classification
of hematolymphoid neoplasms as it adds not only essential information in the
context of minimal sampling both by fine needle and needle core biopsies but
also increasingly provides prognostic and predictive data of direct relevance to
therapy selection. The use of sampling technique, ideally in combination with
ROSE or RALT, has the potential to minimize procedure-related morbidity,
patient discomfort, health-care cost, and wait time to diagnosis and treatment.
Although areas of uncertainty remain which require a diagnostic problem to be
resolved by surgical biopsy, as seen in nodular sclerosis classical Hodgkin lym-
phoma where insufficient core and fine needle samples are not infrequently
encountered, this decision should be made on an individualized basis and after
review of the often complimentary information obtained from less invasive sam-
ples. Interestingly, out of 42 studies included in a recent meta-analysis [27], only
2 used the full complement of ancillary techniques (i.e., immunohisto-/immuno-
cytochemistry, FC, FISH) in combination with FNS, and only one of these two
also included molecular diagnostics [167, 168]. This matches the experience of
our institution which is that of a high accuracy with consequent use of the avail-
able diagnostic armamentarium and multiparameter approach. Indeterminate
results which require additional or alternate sampling modalities are not uncom-
mon in other areas of cytopathology. Considering this, the finding of a median
rate of subtype-specific diagnosis of 74% by fine needle and core needle sampling



170 J. Schwock et al.

is actually a hopeful sign and should encourage cytopathologists to renew their
efforts in providing front-line care to patients with hematolymphoid disorders as
they already do in many other areas.

Sample sizes will inevitably decrease as molecular techniques take center
stage. However, microscopic characterization will remain as the entry point to
diagnostic, prognostic, and predictive evaluation of hematolymphoid neoplasms.
At a minimum an assessment of the presence of lesional tissue will be required
prior to molecular testing due to the multitude of molecular abnormalities and
occurrence of completely unrelated disease entities with similar or identical
molecular alterations. Cytopathologists will have to demonstrate that they are up
to the challenge to identify the most appropriate testing algorithm which leads to
the best line of treatment for the exact disease subtype and clinical stage associ-
ated with a minimum of therapy-related morbidity, in short, to act as navigators
of personalized medicine on behalf of the patient.
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10.1 Introduction

This chapter deals with the evaluation of molecular diagnostic cytopathology
applied on thyroid nodules (TN). The application of molecular testing in the diag-
nostic cytopathology of difficult thyroid cases has paralleled the progress reported
in surgical pathology and continues to grow and offer valid results. Recent advances
in thyroid and cancer biology have led to the development and marketing of several
tests to define whether a TN is benign or malignant [1-3]. In fact, detection of point
mutations, loss of heterozygosis analysis, and clonality assays require the isolation
of DNA which is more stable than RNA and can be easily isolated also from cyto-
logical specimens [1-6]. However, apart from fresh or frozen tissues, formalin-fixed
paraffin-embedded (FFPE) specimens, obtained as cell-block also from cytological
aspirations, can be successfully adopted with also the additional option to enrich a
tumor population with manual or laser capture micro-dissection frequently per-
formed from unstained tissue sections or under the guidance of hematoxylin and
eosin (H&E) slides. Given that, FNACs provide good quality of DNA and are more
than acceptable for testing. Besides, the analysis of RNA is used for the detection of
chromosomal rearrangements (i.e., RET/PTC, PAX8/PPARY), gene expression pro-
filing, and miRNA profiling [4—7]. One of the major inconveniences in the use of
RNA is linked with the fact that it is a less stable molecule than DNA and is easily
degraded by a variety of ribonuclease enzymes that are replete within the cell and
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environment. For this reason, only freshly collected or frozen tissue and non-fixed
FNA samples are considered to be reliable specimens for these techniques [1-3]. As
reported in the chapter about miRNAs in thyroid lesions, some good results have
been obtained even with conventional (CS) and liquid based cytology (LBC). In
fact, RNA isolated from FFPE tissue is of poor quality and has to be used with great
caution for clinical testing. When we have FFPE tissue, the best alternative for
detection of rearrangements is utilization of fluorescence in situ hybridization
(FISH) technique, which provides reliable evaluation in the majority of cases.

10.2 Thyroid Lesions

According to several papers, TNs occur in approximately 50% of the general popu-
lation and 5-15% result to be malignant [8, 9]. Although the majority of these
lesions may be univocally diagnosed as either non-neoplastic or neoplastic entities,
there is a number of nodules that are comprised in the controversial grey area of
follicular nodules (FNs) which belong to the indeterminate categories according to
the Bethesda system for reporting thyroid cytopathology (TBSRTC) [10-15].

The relevance of fine-needle aspiration cytology (FNAC) as the first diagnostic
tool for the evaluation of thyroid lesions has been clearly demonstrated and vali-
dated in these last decades. Unequivocally, it represents the most commonly used
approach in thyroid nodules because of its simplicity, safety, and cost-effectiveness
leading to a correct diagnosis in the majority of cases [10-24]. Regardless of the
classification system adopted, about 85-90% of TNs are benign and a benign cyto-
logical category is diagnosed in 60-70% of all thyroid FNACs with only a minority
of them (5-15%) signed out as “malignant” lesions [25-38]. The remaining 20-25%
of them are included in an indeterminate result, belonging to the so-called “grey
zone of indeterminate neoplasms” among which it is not always possible to specify
whether the nodules are benign or malignant entities [25-38]. Driven by these
issues, the attempts for a correct diagnosis of these indeterminate lesions resulted in
the division into the three subgroups of atypia of undetermined significance/follicu-
lar lesions of undetermined significance (AUS/FLUS); suspicious for follicular neo-
plasm/follicular neoplasm (SFN/FN) and suspicious for malignancy (SM) [10].
These lesions harbor a 24% risk of malignancy (ROM); too high to be ignored, but
driving surgery where most nodules are benign. In fact several cases resulted in
unnecessary surgical resections and higher health care costs [38]. As expected, this
indeterminate category highlights the major morphological flaws and controversies
of FNAC:s. This is also due to the fact that the presence of any vascular and capsular
invasion can be univocally established only with a thorough histological evaluation
of the nodule. Moreover, this FN category includes several cases of follicular vari-
ant of papillary thyroid carcinoma (FVPC) in which the absence of the peculiar
nuclear features of PTC may fall short of a definitive malignant diagnosis [39—43].
A new challenge was the recent reclassification of non-invasive-FVPCs as a tumor
(noninvasive follicular thyroid neoplasm with papillary-like nuclear features-
NIFTP) rather than “carcinoma” which may have a significant impact on the implied
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ROM for the indeterminate/follicular proliferations [39]. A large number of grow-
ing literatures is trying to address and solve this issue. Accordingly, Strickland et al.
studied a series of 655 FNAs with surgical resection specimens demonstrating that
the introduction of NIFTPs led to the fact that the ROM for AUS/FLUS, NF, and SM
resulted in a significant decrease (between 20 and 48%) [39-42]. Moreover, Maletta
et al. showed that NIFTP nodules were found in the diagnosis of “FN/SFN” in 56%
of cases, “suspicious for malignancy” in 27%, “AUS/FLUS in 15%, and “malig-
nant” in 2% of cases [40]. However, despite the small number of NIFTPs series,
Maletta et al. found that a predominantly follicular pattern may be linked with
NIFTPs even if these authors did not find any morphological finding able to dis-
criminate between NIFTPs and invasive FVPCs on FNAC [40]. On the other hand,
the presence of nuclear pseudo-inclusions, papillary structures are typical features
of PTCs. This new terminology portends significant diagnostic and management
implications especially on cytology justifying also the additional support of ancil-
lary techniques [43].

In order to overcome the limitations of morphology, several authors encouraged
the application of both immunocytochemistry (ICC) and molecular analysis [25—
31] on thyroid FNAC processed with either CS or LBC [44-57]. Additionally, this
molecular evaluation is extremely important because thyroid cancer develops and
progresses through the accumulation of genetic alterations, which can serve as cen-
tral diagnostic, prognostic, and predictive biological markers. According to several
researches, there are specific common mutations which occur in PTCs and its vari-
ants which are the most common thyroid malignancy accounting for the majority of
the cases [54—64]. Nevertheless, apart from well-differentiated thyroid carcinoma
(WDTC), another promising field of application is the study of other thyroid malig-
nancies including medullary thyroid carcinoma (MTC) involving the parafollicular
cells and/or poorly differentiated thyroid cancers [65-83]. In fact follicular cancers
(FC) most frequently harbor specific mutations whilst other genetic alterations are
also involved in advanced and dedifferentiating tumors. Additional and specific
mutations are known to occur in poorly differentiated (PDC) and anaplastic carci-
nomas (ATC) [79-83].

10.2.1 Molecular Markers

Numerous scientific data have shown that molecular alterations of specific path-
ways play a pivotal role in different types of thyroid cancer and, importantly, arise
early in the tumorigenic process, justifying the use of these as markers of malig-
nancy in the daily practice. The knowledge of the molecular pathology of thyroid
disease has emerged with its relevant implications in the last years with also the
publication of the Thyroid Cancer Genome Atlas study of PTC in the thyroid gland
[84]. It is now clear that PTCs is either a BRAF V600E or a RAS-driven tumor.
However, the most common mutations that occur in these carcinomas are point
mutations of the BRAF and RAS gene and RET/PTC rearrangements; all of which
are able to activate the mitogenic-activated protein kinase (MAPK) pathway [60,
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62-64, 85-91]. This emerging role of molecular diagnostics is being reflected in the
revised management guidelines for patients with thyroid nodules and WDTCs,
recently published by the American Thyroid Association (ATA) [85]. In fact, these
guidelines suggest the analysis of a molecular panel (including BRAFE, RAS, RET/
PTC, and PAXS-PPARYy) in patients with FNs. This would represent an additional
and possible aid in guiding their management [51] as well as ThyroSeq?2, a recently
system developed by Nikiforov and colleagues using targeted next generation
sequencing (NGS) [92-94].

10.2.1.1 BRAF

An extensive revision of literature provided that mutations of the B-type RAF kinase
(BRAF) are the most common alteration in thyroid malignancy, resulting in 40-69%
of PTCs and one-third of PDCs [62, 95-97]. However, this mutation is not specific
of the thyroid, and was previously described in several tumors including melanoma,
colorectal, and lung among others [95-97]. It is well documented that the most
common mutation results in a valine to glutamate replacement at residue 600 in
exon 15 (V600E), activating the MAPK pathway and associated downstream targets
[98-100]. The analysis can be performed adopted various methods of detection
including colorimetric detection, allele-specific amplifications, pyrosequencing,
multiplex PCR, and direct DNA sequencing analysis which can detect mutations in
populations as small as 1-10% of total cells [95]. DNA sequencing and PCR assays
have demonstrated the greatest sensitivity, even if extremely high sensitivity may
increase the potential of false-positive results [95]. The diagnostic role of BRAFY6"E
mutation has been studied in several series, including both prospective and retro-
spective studies, which have demonstrated that this mutation is a strong predictor of
cancer with 100% accurate yields mostly in the FNs [62, 54-56, 59, 60] (Fig. 10.1).
Nevertheless, the BRAF testing should not be performed in every TN so as to nod-
ules with a low pre-test probability (benign ultrasound and cytopathologic findings)
are exceedingly unlikely to harbor a mutation [54-56]. Interestingly, some studies
have shown that nodules with non-diagnostic results may occasionally show BRAF
mutation [54-56]. Therefore both nodules with indeterminate/suspicious ultrasound
findings and non-diagnostic categories may benefit from BRAF testing. It is well
documented that BRAF gene mutation analysis is the most widely utilized single-
gene test. In fact, a positive test, due to high specificity of somatic mutations should
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Fig. 10.1 This picture shows the sequence of p.V60OE in a thyroid lesion diagnosed as positive
for malignancy on liquid based cytology (LBC)
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not only lead to a total thyroidectomy, but also influence post-operative manage-
ment because of its prognostic value of a greater risk of lymph node metastases,
extra-thyroidal extension, and local recurrence. BRAF'%2 mutations may act as a
sensitive, although not specific, marker of tumor aggressiveness [62, 63, 83, 86, 89,
90, 101, 102]. Rossi et al. revealed that in the SM category, the detection of a
BRAF"™E mutation was linked with 100% histological diagnosis of PTCs
(p = 0.0353) and also significantly associated with some aggressive parameters
including lymph-node metastases (p < 0.0001), extra capsular invasion (p = 0.03),
and multi-focality (p = 0.0003) [59]. Hence, Colanta et al. found that 54% of
BRAF""E mutated cases had a clinical stage 2 or higher whereas only 25% of wild-
type BRAFY9E cases presented with a similar clinical stage [64]. They also found
42% of the BRAF""E mutated cases showing some recurrences including four
patients who died for the disease [64].

Furthermore, in some papers, BRAF"*"E mutation has been highly associated
with PTC and more often with the aggressive variants (e.g., tall cell variant and
columnar variant) with much lower rate of BRAF mutations in FVPCs [87-89,
101-103]. As largely underlined in literature, FVPCs, mostly diagnosed on FNAC
as indeterminate categories (AUS/FLUSs, FNs or SMs) showed an average
BRAF""E expression at around 15% in different studies [104]. As described in
limited literature, the detection of other BRAF mutations, such as BRAF K601E
mutation as well as the subset of complex and less common BRAF mutations has
been observed in FVPCs with less aggressive behavior [104-107].

However, the molecular detection of BRAF mutations has been supported by the
easily ICC analysis of the BRAF mutated protein. In fact, although BRAF"5" muta-
tion has been typically performed using DNA-based techniques, the recent intro-
duction of the monoclonal V60OE antibody (clone VE1) represents an alternative
strategy to detect this mutation in thyroid lesions on cytology. In these last years,
two different papers from Zimmerman et al. and Rossi et al. assessed the good sen-
sitivity and specificity ranging from 82 to 86% on cytological samples of thyroid
lesions [108—110]. Although its limitation probably due to the limited series pub-
lished, VE1 antibody represents a feasible first-line approach for evaluating
BRAFY%%E mutation and might be a valid tool in selecting cases for molecular analy-
sis. Rossi et al. highlighted a statistical significance between molecular and VE1
positivity (p < 0.0001) in the comparative analysis of the results obtained from
molecular and ICC in PTC [110].

10.2.1.2 RAS
Several papers pointed to the fact that RAS mutations are common in 20-40% of
thyroid adenomas as well as in 15% of PTCs (predominately FVPTCs). They have
also now been identified in a subset of MCTs [95]. It is well known that three sepa-
rate genes (HRAS, NRAS, and KRAS) encode G proteins transmitting signals along
the MAPK and PI3K pathways, with several codons having been identified as
sources of activating point mutations.

In thyroid tumors, mutations involving NRAS codon 61 (Fig. 10.2) and HRAS
codon 61 are by far the most common, although mutations have been found in
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Fig. 10.2 N-RAS mutation in a thyroid indeterminate lesion

different hotspots of all three genes. RAS mutations are present in benign lesions,
but also most RAS-positive carcinomas have indeterminate cytology and lack suspi-
cious ultrasound features [111-116]. Additionally RAS mutations are also found in
40-50% of follicular carcinomas and 20-40% of follicular adenomas (FA).
Specifically in the adenomas, the mutations seemed to be more common in tumors
showing a microfollicular pattern. A lower incidence has been reported in oncocytic
tumors, in which only 0—4% of adenomas and 15-25% of carcinomas reported to be
RAS positive lesions [117-119] As recently studied by Radkay et al. in a series of
204 thyroid fine-needle aspiration cases diagnosed according to the Bethesda sys-
tem and studied with RAS mutations, KRAS/2/13 mutation was associated with a
significantly lower prevalence of carcinoma (41.7%) when compared with HRAS61
(95.5%) and NRAS61 (86.8%) mutations (P < 0.0001) [91].

10.2.1.3 RET/PTC

Different studies found that papillary carcinomas with RET/PTC rearrangements
are often associated with younger patients, or those with radiation exposure [95,
120-122]. Similar to BRAF and RAS, RET/PTC gene rearrangements result in acti-
vation of the MAPK pathway. The two most common rearrangement types, RET/
PTC1 and RET/PTC3, are intra-chromosomal inversions with both RET and its
respective fusion partner genes, H4 and NCOA4 (also known as ELE1), are located
on chromosome 10. RET/PTC2 and nine more recently identified types of RET/
PTC are all inter-chromosomal translocations [95]. It has been assessed that all the
rearrangement types contain the intact tyrosine kinase domain of the RET receptor
and enables the RET/PTC chimeric protein to activate the RAS—-RAF-MAPK cas-
cade and initiate thyroid tumorigenesis.

A minority (10-20%) of adult sporadic PTCs are found to have RET/PTC rear-
rangements although its prevalence is highly variable between various observa-
tions. This data is due to the difference in sensitivity of the detection methods and
also because of some geographical variability [95]. In this perspective, several
data demonstrated that RET/PTC occurs with higher incidence in patients with the
history of radiation exposure (50-80%) and in PTCs from children and young
adults (40-70%) [95, 120-122]. In PTCs, RET/PTCI1 is the most common com-
prising 60-70% of all rearrangement types, whereas RET/PTC3 accounts for
20-30% and RET/PTC2 and other novel rearrangement types for 0.5%.
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Specifically PTCs with RET/PTC1 rearrangement are more frequently diagnosed
in younger age and in cancers with a high rate of lymph node metastases. PCR-
based methods are the most common detection methods; however, other tech-
niques including fluorescence in situ hybridization (FISH) have been examined
since they may improve overall sensitivity by examining mutations within abnor-
mal-appearing cells.

10.2.2 PAX8/Peroxisome Proliferator-Activated Receptor Gamma
(PAX8/PPARYy)

The detection of PAXS8/PPARy rearrangement is reported in both adenomas and car-
cinomas [95]. The exact mechanism of action has not yet been described. However
it seems that PAX8/PPARy rearrangement is a result of translocation between chro-
mosomes 2 and 3, t(2;3)(q13;p25), leading to the fusion between the PAXS8 gene
coding for the thyroid-specific paired domain transcription factor, and the PPARy
gene. Although RAS and PAXS8/PPARy are both found in FAs, they seem to be mutu-
ally exclusive with only rare reports of both mutations in the same nodule [123].
Furthermore PAX8/PPARYy is found in 30-40% of FC, and with lower prevalence in
oncocytic carcinomas (OC) [124-126]. Additionally it can be found in 2—-10% of
FAs and in some (<5%) FVPTCs [124-126].

10.2.2.1 HMGA2

As described in literature, HMGAZ2 is a nonhistone chromosomal protein that is
usually highly expressed in tumor tissue. In fact, the interaction of HMGA with
DNA induces changes in the chromatin structure involving HMGA proteins in
the regulation of the expression of a high number of target genes [151, 159]. In
order to define the role in thyroid lesions, Jin et al. measured HMGA?2 expres-
sion levels using RT-PCR in 226 thyroid FNA specimens and found that HMGA2
had 89% sensitivity and 95% specificity in the separation between benign from
malignant thyroid tumors on FNA [160]. Despite the valid yields, they did not
specify the number of indeterminate FNACs and they did not find an accurate
role of HMGAZ2 as a marker able to differentiate benign from malignant Hurthle
cell neoplasms.

10.2.2.2 UbcH10

Another marker was UBE2C (or UbcH10) which seems to be linked with destruc-
tion of cell cycle cyclins and facilitation of cell cycle progression [161]. Specifically
Guerriero et al. evaluated UbcH10 expression using RT-PCR and immunohisto-
chemistry in 84 thyroid FNA samples. The lesions included only samples of FN or
SM (Bethesda IV and V) [161]. The sensitivity and specificity in the correct classi-
fication of indeterminate nodules remained fairly low at 72% and 67%, respectively.
The study suggested that UbcH10 could, however, be added as a useful adjunct to
other gene panels
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10.2.3 Diagnostic and Prognostic Involvement of Molecular
Alterations in the Different Thyroid Lesions

Molecular diagnosis is the result of the application of molecular techniques and
knowledge of molecular mechanisms of thyroid diseases in order to offer a valid aid
to their diagnosis, prognosis, and personalized management [1-6]. A large number
of information on molecular aspects of thyroid diseases has been developed on
cytological samples. Specifically the application of molecular diagnostic cytopa-
thology involves those cases analyzed for routinely cytomorphology and mainly
from solid tumors. The majority of the tests are based on the two main approaches
available in molecular laboratories including the classical polymerase chain reac-
tion (PCR) technique and also reverse-transcriptase PCR, capillary electrophoresis
and conventional sequencing as well as FISH [1-6].

As with other cancers, diagnostic molecular analysis of thyroid samples is not
widely utilized routinely. Despite this evidence, recent papers and the ATA guide-
lines showed the promising role in the diagnosis of the different range and sce-
nario of FNs, WDTCs, and PDCs [11]. In this regard, mutations involving RET/
PTC, TRK, BRAF, and RAS oncogene occur in over 70% of PTC and they are
detected by RT-PCR and mutant allele-specific amplification techniques [1-6].
All these mutations arise early in the tumorigenic process, justifying their use as
diagnostic markers of malignancy. Several authors have experimented the feasi-
bility and simplicity of the molecular testing for cytological diagnosis of TNs
including not only FNs but also SMs as well as its use as a prognostic indicator
for the PMs including the different histotypes [44, 51, 54-56, 59, 61, 91-94]. The
utility of molecular testing has been extensively studied by Nikiforov et al. in
several papers analyzing single or panels of molecular mutations. Analyzing a
prospective series of 1056 indeterminate nodules, classified according to the
Bethesda system, they reported a 87% and 95% range of malignancy rate in the
BRAF mutated indeterminate cases [131]. Also Mathur et al. suggested the use of
a scoring model including cytology and mutational analysis for the correct clas-
sification of follicular lesions with the correct classification as benign or malig-
nant in 91% of the analyzed samples [127].

Apart from the recognition of PTCs and its variants, FCs most frequently har-
bor other mutations, including RAS mutations or PAX8/PPARy rearrangement
[91]. Hence, genetic alterations involving the PI3K/AKT signaling pathway
(PIK3CA, PTEN, AKTI mutations) have been found in thyroid tumors, mostly
including advanced and dedifferentiating tumors [84]. Additional mutations, com-
prising the 7P53 and CTNNBI genes have been recognized in aggressive histo-
types of WDTCs as well as in PDCs and ATCs [84]. On the other hand, MTCs
frequently carry point mutations affecting the RET and RAS genes [65, 67, 68].
Even if somatic mutations of 7SHR and GNAS genes have been frequently
occurred in autonomously functioning benign thyroid nodules, 7SHR mutations,
located at specific hotspots and present at high allelic frequency, are also found in
FCs [84]. However, other more recently identified point mutations and gene
fusions in thyroid cancer include EIFIAX mutations and STRN-ALK and
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ETV6- NTRK3 fusions [132—134]. The growing number of mutations accounts for
the recent discovery of additional mutations in the promoter region of the TERT
gene, either C228T or C250T, which have been reported in PTCs, FCs, and also
with higher frequency in PDCs [135, 136]. As previously reported for BRAF
mutation, also these mutational markers can be used for tumor prognostication. In
fact, the presence of TERT mutations is associated with tumoral invasiveness at
presentation and with a significantly higher risk of distant metastases, disease
persistence, and cancer-specific mortality [134—136]. Also BRAF"%’E mutation
has been associated with higher risk of tumor recurrence and cancer-specific sur-
vival especially when found in combination with other mutations such as TERT
[101, 137-139]. In a similar way, the presence of multiple mutations and/or 7P53
mutations may predict more aggressive tumor behavior and predisposition to
tumor dedifferentiation in 7P53-mutant cancers [93].

Additionally the mutational status may also support targeted therapies for
advanced thyroid cancer. Accordingly clinical trials with BRAF or MEK inhibitors
to enhance the radioiodine uptake are available for patients with BRAF-mutant,
RAl-refractory thyroid cancer, and RAS-mutant thyroid cancer, and trials with a
combination of BRAF and MEK inhibitors to treat patients with BRAF-mutated
ATCs [132, 140, 141]. Some pre-clinical studies and single case reports suggest that
patients with advanced thyroid cancer, including ATCs, carrying ALK fusions can
benefit from treatment with ALK inhibitors [132, 140, 141].

10.2.4 LBC and Molecular Techniques

The application of ancillary techniques (molecular markers but also ICC) in FNA
has encountered two main problems: (1) the difficulties in its application on CS and
(2) the nondiagnostic role of a single marker. In order to increase specificity LBC,
originally developed for cervical smears, demonstrated to be a valid “alternative”
technique for collection and preparation of cytological specimens including thyroid
lesions [6, 5759, 142—-144]. The majority of the above-mentioned molecular tech-
niques have been applied also on LBC with feasible and valid results [6, 49, 57-59,
142-144]. LBC is based on the collection of cells into a methanol-based preserva-
tive solution, followed by processing with a semi-automated device, leading to an
almost complete elimination of the background interference from blood, obscuring
background and air-drying artifact [142, 143]. There has been controversial data
regarding the efficacy of LBC, however several positive aspects have been high-
lighting including cost-effectiveness, time-sparing, and most importantly the simple
application of ancillary techniques [6, 49, 57-59, 142—-147]. In fact several authors
stated that the application of ICC and molecular analysis may be more easily per-
formed, pointing out LBC as a promising method for routine use [6, 49, 57-59,
142-147]. According to several authors, LBC provided 100% informative molecu-
lar results with cyto-histological concordance [142-145]. Chang et al. studied the
application of BRAF molecular mutation analysis in a series of PMs on LBC with a
resulting 84.9% sensitivity [60].
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10.3 The Role of Molecular Testing in Follicular Cell Lesions

According to the fact that increasing knowledge of the molecular pathways
involved in thyroid carcinomas led to the recognition of different and specific neo-
plasms, the application of molecular techniques can have a significant role into the
diagnosis, prognosis, and prediction on the “ grey zone” of indeterminate prolifera-
tions [44, 51, 54-61, 91-94, 127-131, 148-152]. In these last decades, several
different studies demonstrated the feasibility and simplicity of molecular testing
for their cytological diagnoses involving either single molecular marker or also
molecular panels. In 2015, the ATA statement for molecular profiling highlighted
that different molecular testing are useful in the evaluation of the three subcatego-
ries of FNs. In fact these testing can demonstrate their potentiality to streamline
decision making and reduce unnecessary surgery according to the correct preva-
lence of cancer in the cytologic categories [85]. They may represent an additional
support in the choice of the correct treatment (lobectomy versus total thyroidec-
tomy, or more extensive surgical approach) in the different diagnostic categories.
Specifically, initially there are two molecular tests commercially available includ-
ing (a) the 7-gene panel test and (b) the Gene Expression Classifiers (GECs) [85].
In detail, the first analyzes seven different DNA and RNA point mutations and
translocations associated with thyroid carcinoma (miRInform, Asuragen, Austin,
TX), now modified and commercialized as ThyGenX by Interpace Diagnostics
(Parsippany, NJ) [131]. The second assay is based on a microarray in a panel of
167 mRNAs classifying thyroid nodules as “benign” or “suspicious” (Afirma,
Veracyte, South San Francisco, CA) [150]. The two tests serve opposite functions:
in fact Asuragen assay is performed to confirm malignancy, while the Afirma assay
excludes malignancy. These different roles has been highlighted in prospective
validation studies [92-94, 131, 150-157]

10.3.1 From the 7-Gene Panel Test to Next Generation
Sequencing (NGS) Tests

The first description of a 7-gene panel including somatic mutations and gene rear-
rangement was done by Nikiforov and confirmed with histological samples.
Including a panel of mutations (BRAF, N-/H-/K-RAS) and translocations of the
RET/PTC and PAX8/PPARy genes, they demonstrated that the detection of any
mutation rose up a malignancy risk for AUS/FLUS, FN/SEN, and SM of 88%),
87%, and 95%, respectively, compared to 6%, 14%, and 28% in mutation-negative
lesions [131]. This was and is a “rule in” test for WDTCs. According to these
results, a 7-gene MT positive sample is referred to thyroidectomy regardless of the
Bethesda categories [131]. While BRAF emerged as the most common mutation
detected, RAS was the second with 87.5% positive predictive value for malignancy.
This test was developed at the University of Pittsburgh and it was then commercial-
ized and offered to outside institutions. Indeterminate cases with mutation-nega-
tive panel currently require diagnostic lobectomy; also mutational negative SM are
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much likely to be treated with an initial lobectomy even if the evaluation should be
reasonable taken with the evaluation of the clinical-imaging and estimated risk of
malignancy for the category. Then, Nikiforova et al. and Nikiforov et al. experi-
enced the development and implementation of the use of targeted next generation
sequencing (NGS) as a simultaneous testing for multiple mutations on FNACs
[92-94]. In 2013, Nikiforova et al. adopted a custom panel (ThyroSeq) designed to
target 12 cancer genes with 282 hot spots [93]. Sequencing was performed to ana-
lyze DNA from 228 thyroid histological samples of neoplastic and non-neoplastic
entities and including also 51 FNAC samples composed of all types of thyroid
cancer. As stated by their researches, ThyroSeq NGS panel can be performed on
DNA and RNA isolated from cytological samples collected into preservative solu-
tion, fixed FNA specimens, or FFPE tumor tissue. After that, the analysis can be
carried out using next generation, semiconductor-based sequencing. Input DNA
and RNA is amplified using the AmpliSeq technology after which the amplicons
are modified with adaptors, re-amplified, and subjected to emulsion PCR. The final
products are sequenced on a 318 chip. The analytic sensitivity is 3-5% of mutant
alleles for detection of mutations and 1% for detection of gene fusions. The input
DNA and RNA is about 10 ng [92-94]. In their studies, they obtained successful
analysis in 99.6% samples using an amount of 5-10 ng of input DNA. This
approach with ThyroSeq allows simultaneous testing for multiple mutations with
100% accuracy with the sensitivity of 3-5% of mutant allele [91]. The most com-
mon mutations detected were BRAF and RAS followed by PIK3CA, TP53, TSHR,
PTEN, GNAS, CTNNBI, and RET. However, in 2014 Nikiforov et al. developed a
new NGS-based assay (ThyroSeq2) with a more complete panel of genetic markers
which is able to test 91% of known thyroid cancer mutations. This test is conducted
simultaneously for point mutations in 13 genes and for 42 types of gene fusions in
a series of 143 indeterminate thyroid lesions [93]. The extensive comprehensive
genotyping of thyroid nodules, using Thyroseq2, may represent an extraordinary
adjunct for the diagnosis of FN/SFN providing a high positive predictive value
(PPV) of 83% as well as improving the negative predictive value (NPV) to 96%.
This result encouraged the idea that a single test can support both high PPV and
NPV. Furthermore, in a recent paper, the same authors reported that ThyroSeqv2.1
multi-gene NGS panel of molecular markers (including 14 genes analyzed for
point mutations and 42 types of gene fusions occurring in thyroid cancer) provides
both high sensitivity (90.9%) and high specificity (92.1%) for cancer detection in
a series of 465 thyroid nodules classified as AUS/FLUS [94].

10.3.2 Gene Expression Classifiers (GECS)

The first description of the amplified transcriptional profile from mRNA of thyroid
FNACs was done by Chudova et al. in 2010 when they developed a gene expression
test to predict the low risk of malignancy in TNs with surgical follow-up [150].
Additional analyses led to the development of a 142 gene cDNA affymetrix cassette
(AFIRMA) gene expression classifier (GEC) [152]. As mentioned above, gene
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expression profiling, high throughput and computational analyses have provided
new methods to identify potential target genes or gene panels to differentiate benign
from malignant indeterminate lesions [150-152]. In this perspective RNA-based
markers can be divided into single-gene analysis or multiple gene panel analysis.
Although in literature several RNA-based markers have been reported to offer valid
results, only a few single markers and gene panels have been validated on indeter-
minate FNACs [152].

Since that the most challenging category is represented by the indeterminate
lesions, some authors evaluated the role of GECs mostly in this field of thyroid
proliferations [152—157]. A broad GEC was developed as a proprietary method for
molecular analysis of thyroid AUS/FLUS and FN mostly with the aim at predicting
benign lesions, as a “rule out” test and reducing the unnecessary thyroidectomy
which are frequently performed in these categories [152].

The most significant publication and validation of this test has been reported
by Alexander et al. in a multicenter validation trial, involving 265 indeterminate
lesions out of 4812 FNACsS, studying the expression of 167 genes composed of
142 genes in the main classifier (benign or suspicious) and 25 genes to filter out
rare neoplasms [152]. Since the beginning, the main purpose of the Afirma test
pointed to the improvement of the preoperative risk assessment in the FNs as
suggested by the 95% NPV for AUS and 94% for FN with a 62% false-positive
rate for the former category [152]. However, the high NPV and sensitivity, which
were not found with the “classical” molecular applications, were also counter-
parted by the low specificity and some false negative results. The valid effect of
being a test which is able to propose a more conservative approach for patients
with benign Afirma results, does not overcome the expensive economical knock-
on effects so that it results apparently simple in super-specialized centers. In fact,
some preliminary data about cost analysis underlined that this approach may be
cost effective based on the study parameters which need to be confirmed in vali-
dation series [151]. As underlined by Faquin and Rossi et al., the potentiality of
morphological interpretation supported also by the priceless chance of repeating
FNAC was completely under-estimated [128, 129]. Additionally, Mclver et al.
evaluated the performance of Afirma GEC on 72 nucleic acid samples and dem-
onstrated a lower than expected rate of benign reports in follicular or Hiirthle cell
neoplasm and a lower than anticipated malignancy rate within GEC-suspicious
nodules [153].

Dedhia et al. worked out that the application of GEC was associated with only
7.2% reduction in thyroidectomies especially among AUS/FLUSs and FNs [154].
Wong et al. confirmed that the Afirma test was able to detect the encapsulated-
FVPCs and that lobectomy as opposed to total thyroidectomy should be consid-
ered for nodules with preceding AUS/FLUS or FN/SFN on cytology and a
suspicious Afirma result [158]. This test was designed for the AUS/FLUS and FN
categories and it should be adopted for the SM only in specific requested cases.
In cases of benign GEC, the most reasonable management should consist in
observation especially in the absence of clinical-sonographic suspicious for
malignancy.
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10.4 The Role of Molecular Testing in Parafollicular Cell
Lesions

MCT accounts for 1-2% of thyroid cancer in the United States [162—-167]. The
diagnosis can be render on cytological samples even though MCT has a variable
appearance on aspiration cytology. The MTC cells are usually discohesive or weakly
cohesive and may be spindle-shaped, plasmacytoid, or epithelioid [163]. The diag-
nosis of MTC should be supported by application of ICC showing positivity for
Calcitonin, Chromogranin, or CEA and negativity of Thyroglobulin staining, and
most importantly by detecting elevated serum CEA and Calcitonin levels in the
patient [163]. In these last decades some academic organizations have published
guidelines for the management of MTC [164-167]. In 2009 the ATA decided to
published and recommended evidence-based guidelines for the diagnosis and man-
agement of MTC [162]. This tumor can occur either sporadically, or in a hereditary
form as a component of the type 2 multiple endocrine neoplasia (MEN) syndromes,
MEN2A, MEN2B, and the related syndrome, familial MTC (FMTC). Takahashi
discovered the presence of RET oncogene in 1985 [168]. Then, it has been demon-
strated that virtually all patients with MEN2A, MEN2B, and FMTC have RET
germline mutations mostly in codons 609, 611, 618, or 620 of exon 10, or codon
634 of exon 11 and approximately 50% of sporadic MTCs have somatic RET muta-
tions [64—74]. Approximately 95% of patients with MEN2B have RET germline
mutations in exon 16 (codon M918T) and less than 5% have RET germline muta-
tions in exon 15 (codon A883F). Another interesting recent discovery was the fact
that 18-80% of sporadic MTCs, lacking somatic RET mutations, have somatic
mutations of HRAS, KRAS, or rarely NRAS [73, 74]. The additional exomic sequenc-
ing studies of MTCs did not detect any other additional common genetic mutations
[74]. Specifically Ret germline mutations are crucial for the development of heri-
table forms of MCT, while somatic mutations of RET may be found in sporadic
MCTs (codon M918T mutation) with an aggressive clinical course and metastases
[169-172]. Some authors found an association between the prevalence of somatic
RET mutation and tumor size which was 60% in patients with tumor larger than
3 cm [169]. A complete tabulation of RET germline mutations reported to date,
included: single or multiple mutations, duplications, insertions or deletions, and
chromosomal rearrangements [169—172]. In patients with hereditary MCT have
been identified over 100 mutations, duplications, insertions, or deletions involving
RET [64-74]. Farndon described familial MTC which is differentiated from
MEN?2A based on the fact that MCT is identified in at least 4 members of the family
without any other manifestations of MEN2A [169]. These members had the RET
codon G533C mutation in exon 8. Although some laboratories sequence the entire
RET coding region, others use another two-tiered approach, starting with the analy-
sis of the most common mutated “hotspot” exons and then sequencing the remain-
ing RET exons in cases in which the initial analysis is negative. However rare RET
double or multiple mutations can be considered and they can only be identified by
sequencing the entire RET coding sequence. Additionally the presence of multiple
RET mutations may cause an unusual clinical phenotype compared with the one
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found in presence of single RET mutations. Although the most frequent mutation in
MTC is defined by the rearranged during transfection (RET) proto-oncogene muta-
tions, the presence of RAS mutations in sporadic MTC is not entirely unexpected,
since the evidence of the development of MTC in rascal transgenic mice expressing
v-Ha-ras under the control of the calcitonin/calcitonin gene-related peptide pro-
moter [65, 66, 74]. The prevalence of RAS mutations in such cases varies between
0-41.2 and 0-40.9% for HRAS and KRAS, respectively, and between 0 and 1.8%
for NRAS. All the above-mentioned mutations can be evaluated on cellular FNAC
samples of MCT.

10.5 The Diagnostic Role of miRNAs in Follicular
and Parafollicular Neoplasms

Unfortunately, ancillary techniques do not contribute to the correct identification of
the nature of 100% of thyroid lesions, particularly among FNs [44-56, 59-61]. In
this perspective, some authors have recently investigated the role of microRNAs
(miRNAs) defined as small endogenous, non-coding RNAs that mainly act as nega-
tive post-transcriptional regulators of coding gene expression whose deregulation is
frequently associated with different human cancers [173-195]. Commercially avail-
able test comprising miRNA are also available (ThyraMIR, Interpace Diagnostics
(Parsippany, NJ)). MicroRNA is a short, single-stranded, non-coding RNA, consist-
ing of 19-23 nucleotides. It regulates messenger RNA by binding to the 30 non-
translated regions and can function as tumor suppressor or oncogene. As a small
molecule, it is relatively stable in FNA specimens and in formalin-fixed, paraffin-
embedded cell-block materials and is, therefore, amenable to detection. Specific
microRNA profiles (panels) have been identified in a variety of tumors, and their
diagnostic utility has also been explored in TN, including indeterminate lesions.
Some authors reported that miR-146b-5p and miR-21deregulation has been associ-
ated with progression and metastasis of thyroid cancers. miR-146b-5p and miR-21
have been shown to be upregulated at least tenfold in several studies when compar-
ing PTCs to normal thyroid tissue by quantitative reverse transcription—polymerase
chain reaction (QRT-PCR) analysis [186, 191]. miR-21 has also been shown to be
upregulated in ATCs and PTCs [196].

Since now, the majority of authors deal with the analysis of miRNAs in malig-
nant and benign thyroid lesions. However an emerging role is the analysis of miR-
NAs panel as a novel and promising tool in the indeterminate categories [173—-192].
Specifically, in two different papers Pallante et al. and Dettmer et al. reported good
results from thyroid malignant lesions leading to the conclusion that aberrant
expression of miRNAs (i.e. miR-146, 221, 222) is frequently recognized as a marker
of thyroid cancers [180, 193]. Hence, in their recent papers, Keutgen et al. and
Agretti et al. assessed the evaluation of miRNA expression in 29 FNs and in 53 FNs
on CS, respectively [179, 191]. Their analysis can be performed with good results
also on LBC material. Rossi et al. documented the feasible evaluation and role of
miR-375 in a cyto-histological series of 27 FNs, including AUS/FLUSs and FNs,
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processed with LBC [178]. As specified in their results, miR-375 was over-expressed
in all the FNs associated with a malignant histology. These authors concluded that
there has been a perfect correlation between the histological outcome and miR-375
expression in the different categories of indeterminate proliferations. In their paper
Rossi et al. defined a higher diagnostic accuracy, sensitivity and specificity than
those reported either by Agretti et al. in their 53 FNs or by Shen et al. in their AUS/
FLUS cases [178]. According to the high sensitivity (97.1%) and positive predictive
value (100%) in the FNs, miR-375 seems to have a concrete role as an additional
promising marker in the preoperative discrimination between benign and malignant
FNs. Apart from the evaluation of single miRNAs, some authors started to apply an
algorithm approach including ICC, somatic mutations, and/or rearrangement and
miRNAs. Paskas et al. proposed a predictor model for the FNs through a decision
tree which may contribute to correctly define how to classify the patients.
Specifically, the first step was based on the BRAF mutational analysis followed by
Galectin-3 immunostain and then miRNAs. This tree algorithm approach provided
a sensitivity of 73.5%; specificity of 89.9% and diagnostic accuracy of 75.7% [197].
Apart from the analysis of single miRNAs, some authors proposed the use of panels
of miRNAs which may categorize the lesions. For instance, Shen et al. measured the
expression levels of eight miRNAs (miR-146b, miR-221, miR-187, miR-197, miR-
346, miR-30d, miR-138, and miR-302c) using RT-PCR in 128 FNA samples [174].
Gene expression analyses and linear discriminant analysis (LDA) were performed
in a training set of 60 samples which were adopted to obtain a classification rule that
correctly classified FNA cases as benign or malignant. A four-miRNA LDA classi-
fication rule (miR-146b, miR-221, miR-187, and miR-30d) had a diagnostic accu-
racy of 93%, sensitivity of 93%, and specificity of 94% for the training sample set.
The application to a validation set of 68 FNA samples led to 85% diagnostic accu-
racy, 89% sensitivity, and 78% specificity. According to their results, these authors
concluded that miRNA study from cytological samples is feasible and that the cho-
sen panel can accurately diagnose PTCs on FNA.

In another study, Kitano et al. analyzed miRNA expression of miR-7, miR-126,
miR-374a using RT-PCR in a training set of 95 samples that included 31 indeter-
minate thyroid FNA samples. The authors found that miR-7 was the best predictor
in distinguishing benign from malignant samples, with 100% sensitivity, 29%
specificity, 36% PPV, and a 100% NPV, for an overall accuracy of 76% [198].
When applied to indeterminate lesions only, they had an overall accuracy of 37%
with 100% sensitivity, 20% specificity, 25% PPV, and 100% NPV. They concluded
that the high NPV of miR-7 could induce the clinicians to follow patients with
benign results as opposed to perform immediate diagnostic thyroidectomy. The
major limitation in this study is the small sample size including only 21 indetermi-
nate lesions. In a recent report by Dettmer et al., 38 FTCs and 10 normal thyroid
tissue samples were analyzed for miRNA expression using microarray technology
[193]. Differences in miRNA expression between normal thyroid tissue, oncocytic
and FCs were demonstrated. A novel miRNA (miR-885-5p) was found to be
strongly upregulated (>40-fold) in oncocytic FCs when compared with FCs, FA,
and hyperplastic nodules. In this study, a classification and regression tree
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algorithm applied to 19 indeterminate FNA samples demonstrated that three miR-
NAs (miR-885-5p, -221 and -574-3p) allowed A 100% distinction between FCs
and hyperplastic nodules. Although only a small number of indeterminate FNAs
were analyzed, this report suggested miRNA analysis to differentiate oncocytic
and FCs from benign hyperplastic nodules. Specific miRNAs have been demon-
strated also in MTCs and PDCs. For the MCTs, several authors found the role of
miR21 which is able to regulate the programmed cell death 4 (PDCD4), a tumor
suppressor gene involved in tumorigenesis. Another relevant miRNA is represented
by miR375. Specifically the expression of the potential downstream targets of
miR-375, YAP1 (a growth inhibitor), and SLC16a2 (a transporter of thyroid hor-
mone) was down-regulated in the tumors suggesting that miR-375 is a negative
regulator of the expression of these genes. One recent discovery was the role of
miR129-5p which is involved in growth and migration in MCTs. Dettmer studied
the expression of miRNAs profiles in PDCs including the oxyphilic variant. They
found that both tumor types showed upregulation of miR-125a-5p, -15a-3p, -182,
-183-3p, -222, -222-5p, and downregulation of miR-130b, -139-5p, -150, -193a-
5p, -219-5p, -23b, -451, -455-3p and of miR-886-3p as compared with normal
thyroid tissue [194]. In addition, the oxyphilic-PDCs demonstrated upregulation of
miR-221 and miR-885-5p. The difference in expression was also observed between
miRNA expression in PD and WDTCs

10.6 How to Approach Thyroid Nodules with Ancillary
Techniques

According to these novel insights, the management of a thyroid lesion undergoing
FNAC might include a different series of sequential steps with are helpful for the
correct diagnostic management: (1) Examination of clinical history and serum anal-
ysis to rule out the possibility of a toxic adenoma or a Hashimoto’s thyroiditis; (2)
Evaluation of the nuclear atypia of the follicular cells in order to define the inclusion
in the correct diagnostic category according to the different classification systems;
(3) Search for the morphological findings (eosinophilic cytoplasms and sickle-
shaped nuclei) able to predict BRAF"5E mutation and in those cases BRAF molecu-
lar testing is recommended; (4), Evaluation of the expression of HBME-1 and
Galectin-3 in the follicular cells, in case the lesion is devoid of the morphological
features seen in point 3 and it is likely to be classified as FN. This immunopanel
would identify two additional subtypes: low-risk (resulting HBME-1 and Galectin-3
negative) and high-risk (HBME-1 and galectin-3 positive) lesions. In cases with
discordant immunomarkers, the authors underlined the relevant role of HBME-1
positivity as a valid marker of malignancy [49, 197]. This identification of two sub-
groups allows a further discrimination in the risk of malignant neoplasm at histol-
ogy (76.9% when the concordant panel is positive, 3.2% when the same panel is
negative). In those cases with a positive immunopanel, the molecular evaluation of
other somatic mutations (including RAS family or BRAF uncommon mutations)
might add some diagnostic and prognostic details for the following management.
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10.7 The Future of Molecular Thyroid Cytology

Molecular cytology has developed in the last two decades from an academic disci-
pline into a medical specialty with common and routinely application. In several dis-
eases, the application of molecular techniques on cytology is indispensable to establish
the correct diagnosis and it may provide additional information for the tailored man-
agement of the lesions. According to the quality of DNA material, the cytological
sample can represent the most convenient source of tissue. This cytological evaluation
may offer the possibility to define a specific tailored therapy in a pre-surgical phase
and it may imply the development of alternative management strategies.

The coming years will support the consolidation of molecular cytopathology
with the implementation of molecular testing as a cost-efficient operation, with
some changes in preparation in order to offer a better preservation of nucleic acids
and a training of staff and pathologists in this field.
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11.1 EUS-FNA of Pancreas for Molecular Cytopathology

Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) of pancreatic
lesions was introduced in the early 1990s [1]. Since then, the technique has become
the standard of care for obtaining a tissue diagnosis from the pancreas, particularly
pancreatic ductal adenocarcinoma (PDAC). This minimally invasive technique
allows for real-time imaging of the pancreatic parenchyma as well as evaluation of
peripancreatic lymph nodes. In patients who are not surgical candidates, whether
due to comorbidities or advanced disease, samples obtained by EUS-FNA may be
the only material available for ancillary testing including molecular studies.
Aspiration of cells and/or fluid from solid and cystic pancreatic lesions may yield
material for evaluation by a combination of modalities, including cytomorphology,
immunocytochemistry, fluid chemistry analysis, and molecular testing.

11.1.1 Molecular Landscape of Solid Pancreatic Neoplasms

The gradual discovery of distinct subtypes of pancreatic cancer has resulted in a
new molecular classification of pancreatic neoplasms, and these molecular signa-
tures have been reviewed in the context of histologic subtypes [2-5]. Molecular
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alterations have been described in most solid pancreatic neoplasms, though testing
for these alterations has not attained routine use.

Pancreatic ductal adenocarcinoma (PDAC), the most common primary pancre-
atic malignancy, is believed to progress along a morphologic and molecular path-
way from pancreatic intraepithelial neoplasia (PanIN) to invasive carcinoma, given
their shared genetic changes. The most commonly associated genetic alterations
associated with PDAC are the oncogene KRAS and the tumor suppressor genes
TP53, pl16/CDKN2A, and SMAD4 [6]. Somatic (acquired) mutations found in a
minority of pancreatic cancers include those in ARIDIA, ATM, AKT2, MAP2K4,
MLL3, TGFPR2, and FBXW?7, while germline (inherited) alterations that can predis-
pose to the development of pancreatic cancer include BRCA2, BRCAI, PALB2, p16/
CDKN2A, STK11, ATM, PRSS1, and the DNA repair genes (such as MSH2) [6].

Activating KRAS mutations and telomere shortening play an early role in PDAC
development, with other gene mutations including p/6/CDKN2A, TP53, and
SMAD4 implicated in progression [7]. Pancreatic neuroendocrine tumors, acinar
cell carcinomas, solid pseudopapillary neoplasms, and pancreatoblastomas gener-
ally lack the most common abnormalities of PDACs, including mutations in KRAS,
TP53, DPC4, and pl16/CDKN2A [5].

Pancreatic neuroendocrine tumors (PanNETSs) have been associated with micro-
satellite instability and chromosomal losses and gains. In these tumors, loss of 3p,
6pq, and 10pq along with gain of 5q, 12q, 18q, and 20q has been associated with
malignant behavior [8]. These tumors may arise in patients with hereditary syn-
dromes including MENT1 and von Hippel-Lindau (VHL) and may show MEN1 gene
mutations and inactivation of the VHL gene, respectively [5]. Some factors that are
reportedly predictive of more aggressive behavior (at least in univariate analyses)
include loss of progesterone receptor expression, aneuploidy, increased Ki67 label-
ing index, loss of heterozygosity (LOH) of chromosome 17p13, LOH of chromo-
some 22q, increased fractional allelic loss, upregulated CD44 isoform expression,
and immunohistochemical expression of cytokeratin 19 [5]. Somatic mutations of
the death-domain-associated protein (DAXX) and alpha-thalassemia/mental retarda-
tion syndrome X-linked (ATRX) genes have been found in sporadic PanNETs,
whereas pancreatic neuroendocrine carcinomas (PanNECs) have been shown to
have TP53 and retinoblastoma (RB-1) mutations [4].

The development of solid pseudopapillary neoplasms (SPNs) has been linked to
Whnt signaling associated with CTNNBI mutations, imparting cytoplasmic and
nuclear accumulation of pB-catenin [9]. Almost all SPNs have a somatic point muta-
tion in exon 3 of the f-catenin gene, implicating the same pathway that is abnormal
in acinar neoplasms [5, 10]. Pancreatic acinar cell carcinoma is rare, making it dif-
ficult to study. Studies have shown losses on chromosome arm 11p, alterations in
APC/p-catenin pathway, and loss of DCC expression [11]. BRAF mutations may
rarely be found, with the most prevalent fusion being SND/-BRAF, which may
impart sensitivity to treatment with MEK inhibitors [12].

Pancreatoblastoma shows predominantly acinar differentiation and is the most
common pediatric pancreatic neoplasm, although it may also occur in adults. These
tumors have arisen in patients with Beckwith-Wiedemann syndrome, and a case has
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been reported in a patient with familial adenomatous polyposis [5]. Molecular alter-
ations are similar to those found in hepatoblastoma and acinar cell carcinoma; the
most common genetic alteration is LOH of 11p, but alterations in the APC/p-catenin
pathway have been reported [5].

Undifferentiated “medullary” carcinoma, defined as pushing borders, syncytial
growth, and necrosis, has been shown to demonstrate microsatellite instability and
be associated with a better prognosis as compared to classic PDAC [6]. Other genes
that have been linked to pancreatic neoplasia include the following: TGFBRI,
ACVRIB, and RNF43. Loss of heterozygosity and polysomy has also been identi-
fied in pancreatic carcinomas.

11.1.2 Molecular Testing of Solid Pancreatic Neoplasms

EUS-FNA enabled the diagnosis of various solid pancreatic tumors by cytopatho-
logic evaluation, sometimes with rapid on-site evaluation (ROSE) to ensure that
adequate material is obtained. In cases of PDAC, only one or two passes could be
sufficient for diagnosis, whereas neuroendocrine neoplasms or acinar cell carcino-
mas may require additional passes to obtain material for immunocytochemical
stains. Although cytomorphology is still paramount for the patient’s diagnosis and
management in cases of solid pancreatic neoplasms, immunocytochemical stains
and molecular tests can be used to support the morphologic impression.

If ROSE is requested, the first drop or two of material from each EUS-FNA
needle pass may be applied to a glass slide to produce Diff-Quik-stained and/or
alcohol-fixed Papanicolaou-stained smears, with the remaining material rinsed into
a balanced salt solution. If the needle and device are to be used for subsequent
passes, a balanced salt solution is preferable to any alcohol-based preservatives.
Molecular testing may be performed using cells from a variety of preparation meth-
ods, including cytology smears and touch preps, liquid-based slides, needle rinses,
and cell block material. Needle rinses and cell block material are generally prefer-
able to ensure preservation of diagnostic smears or liquid-based slides. Furthermore,
molecular testing on needle rinse specimens rather than cell block or surgical mate-
rial may yield better DNA quality and reduce turnaround time, since this obviates
the need to cut additional slides. As with any test, laboratories must run the appro-
priate validation studies to ensure diagnostic accuracy.

KRAS mutation analysis performed on EUS-FNA specimens combined with
cytomorphology does appear to improve overall diagnostic accuracy when distin-
guishing pancreatic carcinoma and pseudo-tumorous chronic pancreatitis [13,
14]. Indeterminate cytologic specimens obtained by EUS-FNA of pancreatic
tumors have been evaluated for tumor suppressor gene-linked microsatellite
markers for allelic loss analysis and KRAS point mutations to improve diagnostic
yield [15]. If material is limited, KRAS testing could be prioritized in cases of
suspected PDAC. However, multiplex polymerase chain reaction (PCR) “hot
spot” mutation testing and next-generation sequencing (NGS) are available in a
growing number of laboratories. These tests require a small amount of DNA to
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query multiple genes of interest. KRAS testing could also be performed with a
fully automated PCR detection system, which could help streamline testing of
EUS-FNA specimens [16].

RNA extraction with real-time gene expression quantification is feasible in EUS-
FNA specimens of advanced PDAC, although only samples with high-quality RNA
were selected in this study [17]. MicroRNA (miRNA)-based testing in conjunction
with cytology can also predict which preoperative pancreatic EUS-FNA specimens
contain PDAC, thus reducing the number of indeterminate FNAs and repeat proce-
dures [18]. As with other pancreatobiliary specimens, FISH analysis for loss of
9p21 or changes in copy number for chromosomes 3, 7, and 17 could be considered
in cases that are inconclusive or negative by cytology [19].

11.1.3 Immunocytochemistry in Solid Pancreatic Neoplasms

Cell blocks of solid pancreatic neoplasms often suffer from scant cellularity but can
be extremely helpful when lesional material is present. A panel of special or immu-
nocytochemical stains can help in differentiating neuroendocrine neoplasms (i.e.,
chromogranin, synaptophysin, CD56), acinar cell carcinoma (i.e., PAS-D, trypsin,
chymotrypsin, lipase), solid-pseudopapillary tumors (i.e., CD10, nuclear B-catenin,
cyclin D1), and metastatic malignancies (i.e., differentiation- or organ-specific
markers). Loss of SMAD4 immunocytochemical staining has been observed in
approximately 55% of PDACs, reflecting genetic inactivation of the SMAD4 gene
[6]. Loss of staining supports a diagnosis of PDAC rather than reactive atypia, sug-
gests a pancreatic primary in cases of metastasis, and is associated with worse prog-
nosis and more widespread metastases [6]. E-cadherin has been used as a marker for
poor prognosis in PDAC [20]. Mucin (MUC) expression profiles could also be help-
ful for diagnosis of PDAC, with MUC16 cytoplasmic expression potentially pre-
dicting a poor prognosis [21].

11.1.4 Evaluation of Pancreatic Cystic Lesions

The number of patients diagnosed with pancreatic cysts has increased in the last
decades as a result of continuously improving abdominal imaging modalities and
their growing use in an increasingly older population [22-24]. The incidence of
pancreatic cysts increases with age; some report that pancreatic cysts may be as
common as 25% in those older than 70 years. A significant number of cystic lesions
in the pancreas are neoplastic. They include a range of benign neoplasms such as
serous cystadenomas with almost zero risk of malignant transformation to the other
extreme of malignant carcinomas that undergo cystic degeneration. Within this
spectrum are low-grade neoplasms such as solid pseudopapillary neoplasms and
mucinous neoplasms including mucinous cystic neoplasm (MCN) and intraductal
papillary mucinous neoplasm (IPMN), both harboring at least some potential for
malignant transformation.
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Recent evidence suggests that the great majority of pancreatic cysts are benign
on resection. Thanks to a better understanding of the natural history of these lesions,
a shift to a more conservative approach has occurred. In contrast to pancreatic sur-
gery, which carries a greater risk of long-term complications and mortality, regular
surveillance with imaging studies could be an alternative approach. The overall risk
of malignancy in an incidental pancreatic cyst is very low. In some neoplastic
lesions such as main duct intraductal papillary mucinous neoplasm (IPMN), a surgi-
cal approach may be acceptable.

Although a minority, a proportion of PDACs is known to develop from these pre-
neoplastic mucinous lesions. Early diagnosis of those cysts with early invasive cancer
or high-grade dysplasia, along with appropriate surgical management, could reduce
mortality from pancreatic adenocarcinomas. It is crucial to correctly triage and man-
age these patients. Commonly used diagnostic modalities have suboptimal sensitivity
and specificity to accurately stratify and manage this population. These modalities
include clinical features, CT, MRI, and EUS-FNA for cytologic and chemical analy-
sis. EUS is particularly useful to detect structural alterations of the cyst and evaluate
communication with the pancreatic duct, as well as provide the unique opportunity to
aspirate fluid in real time for cytologic, biochemical, and molecular analysis.

The role of carcinoembryonic antigen (CEA) levels from pancreatic cyst fluid to
determine the mucinous nature of a cyst has been well established. An elevated cyst
fluid CEA (>192 ng/mL) is the most accurate (79%) test to distinguish a mucinous
cyst [25, 26]. Although this answers an important question in the evaluation of a
cyst, mucinous versus non-mucinous, it does not resolve the presence or absence of
high-grade dysplasia or malignancy. Cytologic examination appears to be the more
specific tool to determine the presence of high-grade dysplasia or malignancy; how-
ever, cytology is not very sensitive, mainly due to scarce cellularity in cysts lacking
a solid component [26].

11.1.5 Molecular Testing of Pancreatic Cystic Lesions

Molecular analysis, performed on a minimal amount of fluid, smears, or deparaf-
finized sections of cell blocks, has been proposed to aid in the diagnosis of cystic
lesions, based in part on a growing understanding of the molecular mechanisms
involved in pancreatic carcinogenesis. As mentioned earlier, common alterations
seen in PDAC include mutations in KRAS, p/6/CDKN2A, TP53, and DPC4. Other
molecular changes include those in retinoblastoma-interacting zinc finger (R/Z) on
1p36, VHL on 3p25-3p26, APC on 5q23, MTS-1 on 9p2, and aberrant expression of
the patched gene (PTCH) on 9q22 [27-33] (see Table 11.1).

On the assumption that some of these biomarkers may be altered in mucinous
cysts with intermediate- to high-grade dysplasia and could be used to identify
patients at risk for cancer development, molecular analysis has been proposed to aid
in the diagnosis of pancreatic cystic lesions. Tests include mutation analysis (KRAS,
GNAS, TP53, VHL, CTNNBI, and RNF43), DNA cyst fluid analysis (quality and
quantification), loss of heterozygosity analysis, and microsomal analysis.



210

R. Gerhard et al.

Table 11.1 Molecular alterations and testing in pancreatic and biliary neoplasia

Molecular alteration(s) | Molecular test(s) Diagnostic finding(s) Neoplasm(s)
KRAS, telomere KRAS and other Mutation present in PDAC
shortening, CDKN2A, | mutation analysis PDCA
TP53, SMADA, Loss of Loss of IHC staining for
BRAF, STK11/LKB1 | immunohistochemical protein product of
Loss of staining for the protein | SMAD4 gene supports a
heterozygosity at product of the SMAD4 | diagnosis of ductal
microsatellites linked | gene adenocarcinoma
to tumor suppressor Loss of heterozygosity | Losses of chromosome
gene loci known to be | analysis arms 3p, 6pq, and 10pq
affected in pancreatic along with gains of
carcinogenesis 5q,12q, 18q, and 20q
support a diagnosis of
adenocarcinoma
Selected miRNAs MicroRNA analysis Presence of miRNAs PDAC
such as miR-21 and
mi-155 supports a
diagnosis of
adenocarcinoma
VHL (3p) mutation VHL gene mutation Mutation present in SCA | SCA
analysis
KRAS, RNF43, TP53, | Mutation analysis Mutations seen in both MCN, IPMN
SMAD4 IPMN and MCN
High levels of DNA DNA analysis of cyst High levels of intact May aid in
in cyst fluid, fluid DNA are associated with | separation of
aneuploid, and actively dividing cell; benign from
tetraploid aneuploid and tetraploid | malignant cysts
favors malignancy
GNAS GNAS mutation GNAS mutation is the IPMN
analysis second most frequent
mutations seen in IPMN,
distinguishing it from
MCN
CTNNBI CTNNBI (beta-catenin) | Mutation present in SPN
mutation analysis nearly all SPN
Polysomy FISH for polysomy Copy number CcC
abnormalities in CEP3,
CEP7, CEP17, and
abnormalities of 9p21
favor malignancy
MSI, microsatellite Microsatellite loss Loss of 3p, 6pq, and PanNET

alterations (loss of 3p,
6pq, 10pq, and gain
of 5q, 12q, 18q, 20q)

analysis

10pq along with the gain
of 5q, 12q, 18q, and 20q
have been associated with
malignant behavior in
PanNET

PDAC pancreatic ductal adenocarcinoma, SCA serous cystadenoma, MCN mucinous cystic neo-
plasm, IPMN intraductal papillary mucinous neoplasm, SPN solid pseudopapillary neoplasm,

PanNET  pancreatic
cholangiocarcinoma

neuroendocrine  tumor,

MSI  microsatellite

instability, CC
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Activating KRAS mutations in codon 12 of exon 1 are common in both intra-
ductal papillary mucinous neoplasms and mucinous cystic neoplasms, supporting a
mucinous etiology; however, its presence is not specific for malignancy. KRAS
mutation analysis has an additive value to CEA measurements for distinguishing
non-mucinous and mucinous cysts [34]. RNF43 (ring finger protein 43) encodes a
protein with intrinsic E3 ubiquitin ligase activity that promotes cell growth and has
recently been linked to the pB-catenin pathway. RNF43 mutations have been shown
to occur in MCN and IPMN [35]. The GNAS gene encodes for stimulatory G-protein
alpha subunit, which is a crucial component of many transduction pathways. In the
pancreas, GNAS codon 201 mutations appear to be highly specific for intraductal
papillary mucinous neoplasms, while KRAS and RNF43 mutations can also be seen
in MCNs [36, 37].

Whole exome sequencing of the four most common cystic neoplasms of the
pancreas (serous cystadenoma, solid pseudopapillary neoplasm, mucinous cystic
neoplasm, and IPMN) has identified a specific mutational profile in each cyst type.
VHL mutations are seen in serous cystic neoplasms; CTNNBI (f-catenin) in solid
pseudopapillary neoplasms; RNF43, KRAS, TP53, and SMAD4 in MCN; and KRAS,
RNF43, GNAS, TP53, and SMAD4 in IPMN. It has therefore been suggested that
mutational analysis for GNAS, KRAS, VHL, CTNNBI, RNF43, TP53, and SMAD4
may aid in the differential diagnosis of cystic lesions of the pancreas [35]. The VHL
tumor suppressor gene is somatically mutated in serous cystadenomas and is not
seen in other cystic lesions of the pancreas [36].

DNA analysis may also aid in the separation of nonneoplastic and neoplastic lesions,
as well as benign from malignant neoplastic cystic lesions. High levels of intact DNA
are associated with actively dividing cells. The concentration of DNA is correlated with
optical density (OD) as measured at a wavelength 260/280 nm. The mean concentra-
tion of DNA present within a fluid from a pancreatic cystic lesion documented by OD
ranges from a low of 6.5 in benign cysts to 16.5 in malignant cysts [34].

Loss of heterozygosity (LOH) analysis identifies loss of heterozygosity at mic-
rosatellites linked to tumor suppressor gene loci known to be affected in pancreatic
carcinogenesis. An assessment of allelic loss of these tumor suppressor gene-linked
microsatellite markers [9p21 (MTS-1), 17p (TP53), 18q (DPC4), 9922 (PTCH),
1p36 (RIZ), 3p25-3p26 (VHL), 5923 (APC), 10q23 (PTEN)] is performed on
extracted DNA subjected to polymerase chain reaction (PCR). Products from each
PCR are analyzed by capillary electrophoresis on a genetic analyzer. Informative
samples with a polymorphic allelic imbalance ratio <0.5 or >2.0 are considered
evidence of allelic imbalance and LOH [34]. A buccal brushing sample can be used
as a normal control.

MicroRNAs are small (18-24 nucleotide) noncoding RNA molecules whose
principal function is to regulate the stability and translation of nuclear mRNA tran-
scripts. Selected panels of dysregulated miRNAs previously identified in invasive
pancreatic cancer have also shown aberrant expression in neoplastic mucinous
cysts, adding another tool to distinguish mucinous versus non-mucinous cysts [38].
Matthaei et al. [39], using a logistic regression analysis, developed a 9-miRNA
model that allowed subclassification of the degree of dysplasia in most instances.
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11.1.6 Limitations to Molecular Testing in Pancreatic Lesions

Barriers to implementing molecular analysis include reliance on the presence of
substantial diagnostic material (immunohistochemistry, FISH, digital image
analysis), imperfect specificity (all tests), and cost (mutation analysis, LOH test-
ing, FISH, digital image analysis), although testing may be helpful in some, usu-
ally atypical, cases [40]. While testing for KRAS in pancreatic cytology specimens
will often yield positive results, the presence of KRAS mutations is not entirely
specific for malignancy. Although KRAS mutation analysis on EUS-FNA sam-
ples can support the diagnosis of PDAC and is often associated with worse prog-
nosis, no significant clinical benefits have been derived from therapies targeting
KRAS in PDAC [41]. Multiple molecularly targeted therapies have been tested
in metastatic pancreatic cancer but have not achieved widespread use in clinical
practice [42]. Although there is insufficient evidence of clinical utility at this
time to support widespread adoption of molecular testing in solid and cystic pan-
creatic neoplasms, active investigation may someday offer more targeted thera-
peutic options.

11.1.7 Recommendations

Overall, cytomorphology is still critical to the diagnosis of solid pancreatic neo-
plasms, and there is insufficient evidence to indicate that any molecular test
should be used as a definitive method of evaluating these neoplasms. Loss of
SMAD4 and positive staining for mesothelin support a diagnosis of PDAC,
nuclear staining for beta-catenin supports a diagnosis of solid pseudopapillary
neoplasm, and immunocytochemistry for endocrine and exocrine differentiation
are helpful for diagnostic purposes in solid pancreatic tumors [8]. FISH for copy
number abnormalities can be used to support a cytologic impression of adeno-
carcinoma. Outside of these general guidelines, molecular testing does not cur-
rently have a routine clinical role for diagnostic, prognostic, or therapeutic
purposes. Loss of heterozygosity and the presence of certain microRNAs could
be used to support the diagnosis of adenocarcinoma, but the clinical utility of
these tests remains to be seen. As the diagnosis can usually be made by
cytomorphology alone, the addition and costs of these tests may not be
warranted.

A multidisciplinary approach for pancreatic lesions with incorporation of all rel-
evant ancillary data to arrive at a cytologic diagnosis is recommended [43—45]. In
terms of molecular analyses for predicting malignancy in a mucinous cyst, there are
commercially available assays with promising results but which may not be as accu-
rate in classifying smaller (<3 cm), uncomplicated cysts. There is currently insuffi-
cient data to warrant their usage in routine practice [45-47].

Once molecular results are obtained, reporting of the results may be issued as
an addendum to the cytopathology case and/or reported separately. The advan-
tage of issuing an addendum to the cytopathology case is an opportunity to inte-
grate the molecular findings with the cytomorphology and any other ancillary
tests.



11 Molecular Cytology Applications on Pancreas and Biliary Tract 213

11.1.8 Future Directions

There are very few molecular alterations that will change patient management or
inform prognosis, and molecular testing is not commonly applied to solid pancre-
atic neoplasms. Despite limited clinical utility, the hope of personalized medicine
and targeted therapies continues to drive research in this area. Testing for certain
molecular alterations could enable patients to enroll in clinical trials with targeted
therapy, particularly when other therapeutic options have been exhausted. As our
understanding of the molecular landscape improves, there may be opportunities to
alter the tumor microenvironment. Genes overexpressed in the desmoplastic stroma
of PDAC could be a target for chemotherapeutic agents [6]. Patient genetic factors
could also influence the effectiveness of therapeutic regimens.

There is still a need for ancillary biomarkers in cyst fluid material that can reliably
provide additional distinction between clinically insignificant cystic lesions and muci-
nous cysts with high-grade dysplasia. Examination of miRNAs could provide the
needed test to identify malignant potential in cystic neoplasms of the pancreas. One of
the advantages of the short mature miRNAs is the lack of propensity for degradation in
biospecimens. Validation with prospective studies of large series with clinical or surgi-
cal follow-up is needed before adoption in clinical practice. Looking toward the future,
cytopathologists could and should take an active interest in advancing the forefront of
molecular cytopathology with regard to solid and cystic pancreatic neoplasms.

11.2 Biliary Tract Sampling for Molecular Cytopathology

The main indication for morphologic evaluation of the biliary tree is a duct stricture
as the result of inflammatory or neoplastic disorders. Epithelial tumors originating
from the biliary tree usually present a longitudinal growth pattern along the biliary
duct rendering their detection more difficult by noninvasive imaging techniques
such as ultrasound or computed tomography. On the contrary, the assessment of the
biliary tree by endoscopic procedures allows tissue collection for cytologic or histo-
logic diagnosis. Endoscopic retrograde cholangiopancreatography (ERCP), coupled
with brush cytology or forceps biopsy, is routinely performed to detect malignancy
in patients with biliary strictures [48, 49].

Brush cytology performed during ERCP is simple and safe. Contrary to the sim-
ple aspiration of the bile juice, the brush scrapes different sites of the biliary tract
mucosa retrieving a cellular material [50]. Usually the samples are well preserved,
providing an adequate specimen for cytologic examination. Indeed, the rate of
unsatisfactory samples is low, around 5%, and mainly related to air-drying artifact
if the samples are not properly fixed [49, 51].

11.2.1 Evaluation of Biliary Tract Specimens
A cytologic diagnosis of malignancy achieved by brush cytology is reliable, and the

literature shows a very high specificity for this method, reaching 100% in several
series [49, 52-54]. This means that brush cytology has a high positive predictive
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value and a low rate of false-positive results. In a large series of 406 patients with
pancreaticobiliary strictures, Stewart et al. [51] detected only three false-positive
cases. Most of the false-positive results are attributed to misinterpretation of atypia
in degenerated or reactive epithelial cells, mainly in the context of primary scleros-
ing cholangitis (PSC), a chronic liver disease causing inflammatory changes and
fibrosis of the biliary tract [51, 55].

Despite the reported high specificity, the main limitation of brush cytology is the
low sensitivity for detecting malignancy of the biliary tract. In their series of 406
patients, Stewart et al. [51] demonstrated that brush cytology correctly identified
neoplastic diseases in 59.8% of the cases. Other series showed sensitivity rates vary-
ing from 48% [56] and 54.7% [49] to 68% [52] and 68.6% [54]. The main cause of
false-negative results is due to sampling error, probably related to cases where the
tumor spreads predominantly to the submucosa of the biliary duct or when the bili-
ary stricture is secondary to an extrinsic compression.

Furthermore, some series reported an atypical or equivocal diagnostic category
for which a conclusive cytologic diagnosis is not possible, varying from 4.9% [49]
to 10.1% [51] of the cases. According to the terminology proposed by the
Papanicolaou Society of Cytopathology, the “atypical” category includes a large
spectrum of cytologic or architectural abnormalities that are not compatible with
benign reactive changes but, on the other hand, are insufficient to be classified as
suspicious or positive for malignancy [44]. Of the 41 cases reported as “atypical” by
Stewart et al. [51], 29 were proved to be malignant on clinicopathologic follow-up,
while 12 were benign, corresponding mostly to chronic pancreatitis and calculous
disease.

Because of the limitations of biliary tract cytology, different complementary
approaches have been developed to improve the diagnosis of biliary tract disease.
The application of ancillary procedures such as in situ hybridization techniques or
gene mutation analysis can improve the accuracy for detection of malignancy in
biliary tract brush specimens [8].

11.2.2 Molecular Testing of Biliary Tract Specimens

The commercially available UroVysion FISH probe set (Abbott Molecular, Des
Plaines, IL), originally developed for detecting urothelial carcinoma, has been
applied to biliary tract specimens, including bile fluid, brushings, and aspirates of
the pancreaticobiliary tree [57]. The FISH test can detect chromosome copy number
gains and/or chromosome deletions. Aiming to detect cells with chromosome copy
number gains (polysomic cells), which can have an association with malignancy,
the FISH test employs probes to target the centromeric regions of the chromosomes
3,7, and 17. According to Kipp et al. [57], a diagnosis suggestive of malignancy is
obtained with a polysomic result, defined as five or more cells showing gains in at
least two or more FISH probes. The detection by FISH of 9p21 loss (which results
in the loss of the tumor suppressor p16) is another criterion that favors a diagnosis
of malignancy in pancreatobiliary cytology specimens [58, 59]. Accordingly, 12 or
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more cells with deletions of 9p21 should be interpreted as a positive FISH result
[59] (see Fig. 11.1).

Currently, FISH is considered the most reliable complementary technique to
cytology for the detection of biliary tract malignancies [8]. Using biliary brush
specimens for the detection of malignancy in 131 patients with biliary tract

Fig. 11.1 (a) Micrograph shows an example of a biliary brush cytology specimen from a 30-year-
old female patient. One cluster of mildly atypical epithelial cells are mixed with rare small lym-
phocytes (Papanicolaou stain, 400x). (b) The same cells (inset of a) are shown after multi-target
fluorescent in situ hybridization (FISH) UroVysion (magnification 600x). The atypical cells dem-
onstrate a complete loss of the 9p21 (FISH-positive). These cells show 2—4 signals for the centro-
meric probes of chromosomes 3, 7, and 17. The encircled cell correspond to a small lymphocyte
with normal two 9p21 signals (yellow signals). Courtesy of Dr Spasenija Savic from the Institute
of Pathology of the University Hospital Basel, Switzerland
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strictures, Kipp et al. [60] observed that the FISH test was significantly more sensi-
tive in comparison to cytology alone. An analysis of 498 patients with pancreatico-
biliary strictures corroborated the results of Kipp et al. [60], demonstrating that
FISH testing had a significantly higher sensitivity compared to cytology alone (42.9
vs 20.1%) while retaining the same specificity as cytology (99.6%). Interestingly,
the authors showed that the probability of having carcinoma was 77 times higher for
patients with polysomic FISH results as compared to patients with normal FISH,
whereas the probability of having carcinoma was six times higher for patients with
suspicious cytology in comparison to patients with normal cytology [61].

In a small series of 50 patients with biliary strictures, a sensitivity of 89% was
achieved when 9p21 loss detected by FISH was added to FISH polysomy + cytol-
ogy as compared to FISH polysomy + cytology (58%) or cytology alone (21%)
[58]. Using the FISH technique to analyze a series of 90 cases of pancreas and
extrahepatic biliary tract cytology, Vlajnic et al. [59] found an overall sensitivity of
79% and an overall specificity of 100%. For cases with inconclusive (atypical or
suspicious) cytology, sensitivity and specificity of 61.3 and 100% were achieved,
respectively. In their study, the authors observed that 74% of FISH-positive results
comprised both chromosome copy number gains and 9p21 loss, while 14% corre-
sponded only to copy number gains and 12% consisted only of 9p21 deletion [59].

Patients with PSC may develop strictures of the biliary tract. Based on their
symptoms (abdominal pain, jaundice, weight loss), laboratory tests (elevated levels
of CA 19-9 and serum liver markers), and a high risk for developing cholangiocar-
cinoma, ERCP and brushing cytology are frequently applied for the evaluation of
biliary tract strictures in such patients. However, cellular abnormalities as a result of
inflammatory changes may pose difficulties in the interpretation of the cytologic
specimens, resulting in equivocal (atypical, suspicious) or false-positive diagnoses
[51, 55]. In a study that evaluated 102 patients with PSC and equivocal brush cytol-
ogy, 76% of the patients with polysomy detected by FISH developed a pancreatico-
biliary tract malignancy within 2 years [62]. The authors also demonstrated that
patients with a combination of polysomy and elevated serum levels of CA 19-9 had
a 10.92 times higher probability for developing cancer of the pancreaticobiliary
tract in comparison to patients without polysomy and low levels of CA 19-9 [62].

The KRAS gene mutation is a common genetic alteration in pancreaticobiliary
tumors, especially in carcinomas of the pancreas and, less frequently, in cholangio-
carcinomas. Most of the KRAS mutations occur in codon 12 of exon 2 of the KRAS
gene [6] (see Fig. 11.2). In an attempt to improve the detection of malignancy of the
pancreaticobiliary tract, several studies have investigated the role of molecular tech-
niques in detecting KRAS mutations in biliary brush specimens.

Using a PCR-based method to detect mutations of codon 12 in the KRAS gene,
Sturm et al. [63] compared the sensitivity of brush cytology and molecular testing
in a series of 312 patients with bile duct stenosis. Although the sensitivity of both
methods were quite similar (36% for cytology and 42% for the molecular testing),
it increased to 62% when cytology and KRAS mutation analysis were combined. In
another study where the same series of patients were evaluated with real-time and
quantitative PCR, a sensitivity of 71% was obtained with the combination of
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Fig. 11.2 Representative example of the molecular output showing a KRAS G12D mutation
detected in a cytologic specimen from the pancreas. Courtesy of Jennifer Morrissette, PhD, from
the Department of Pathology and Laboratory Medicine, Hospital of the University of Pennsylvania,
Perelman School of Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania, USA

cytology and molecular testing [64]. In a study that analyzed 129 pancreaticobiliary
brushings and pancreatic fine-needle aspirations with an indeterminate (atypical or
suspicious) cytologic diagnosis, the sensitivity and specificity for the detection of
malignancy based on the presence of KRAS mutations were 57% and 94%, respec-
tively [65].

Molecular techniques to identify KRAS mutations can detect pancreaticobiliary
cancers not established by FISH. Kipp et al. [66] studied a series of 132 benign and
malignant cytologic brush specimens assessed by FISH and a quantitative PCR-
based method for KRAS mutations: out of 58 patients with FISH-negative results, 7
had KRAS mutations, and 6 of these had a carcinoma in the final histologic diagno-
sis. Out of 33 patients with FISH-equivocal results, 9 had KRAS mutations, includ-
ing 8 patients with proven malignancy by histology. Although the sensitivity of the
molecular technique (47%) and the FISH test (50%) were similar, the combination
of both methods increased overall sensitivity to 68% [66].

In these studies, most of the detected KRAS mutations in the brush specimens
involved codon 12 of the KRAS gene. More specifically, the G12D and G12V muta-
tions were the two most prevalent, both resulting in a change from a glycine to an
aspartic acid (G12D) or a valine (G12V) amino acid. These are followed in fre-
quency by the G12R mutation, which changes a glycine to an arginine amino acid.
Mutations in codon 13 of the KRAS gene were also found and resulted from the
change of a glycine to an aspartic acid amino acid [63, 64, 66]. In a detailed analysis
of 60 cases of brush cytologic samples and the corresponding carcinomas on histol-
ogy, Sturm et al. [63] verified that when present, all detected mutations were
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identical in both specimens. However, no mutation was found (wild-type KRAS) in
7 of the 60 cytologic samples, in contrast to KRAS-mutated matched histologic
samples.

Indeed, false-negative KRAS results have been reported in the literature. In a
study by Sturm et al. [63], a comparison of KRAS status between the cytologic brush
samples and the corresponding histologic specimens showed that 53 of 60 cases
(88%) had concordant results. According to the authors, the discrepant results could
be the result of sampling error, because the cytologic evaluation of these cases was
also negative [63]. Certainly, the low percentage of tumor cells in some biliary brush
specimens may result in an insufficient sample, below the limit of detection of the
molecular test, leading to a false-negative result [66].

11.2.3 Limitations

In spite of the reliability of multiprobe FISH in diagnosing malignancy in biliary
tract brush specimens, there are some limitations that can result in equivocal and
false-positive results. For instance, misinterpretation of FISH signals can lead to
false-positive results. According to Kipp et al. [57], cells with weak or absent sig-
nals secondary to poor hybridization may be misinterpreted as having a deletion of
9p21. In a study by Barr Fritcher et al. [62], 6 of the 25 patients with FISH-positive
results were not found to have a pancreaticobiliary tract malignancy on clinico-
pathologic follow-up. The authors postulated that some false-positive FISH results
may result from detection of chromosomal abnormalities in dysplastic cells that do
not progress to cancer [62]. Finally, we have to consider that a negative FISH result
does not exclude a malignancy of the biliary tract. Vlajnic et al. [59] stated that if
not correctly pre-evaluated, FISH slides with no or few tumor cells may result in
false-negative results.

Furthermore, tumor cells with chromosomal abnormalities other than those
potentially detected by the UroVysion FISH test may occur [59]. Indeed, other
types of chromosomal abnormalities such as tetrasomy (four copies of all four
probes) and trisomy (single probe gains) are considered equivocal FISH results and
do not contribute to the diagnosis [57]. In their series of 102 patients with PSC, Barr
Fritcher et al. [62] detected 33 cases (32% of the total) with non-polysomic FISH
results comprising 3 cases with tetrasomy, 29 cases with trisomy 7, and just 1 case
with trisomy 3. The majority of these abnormalities (88%) were found in patients
without cancer on follow-up, suggesting that these patients may have a similar out-
come as compared to patients with FISH-negative results. However, in their study,
there were four patients (12%) with non-polysomic FISH abnormalities that devel-
oped biliary tract malignancy within 2 years of follow-up [62].

Unfortunately, KRAS mutations can occur in nonneoplastic pancreaticobiliary
diseases. In one study, KRAS mutations were detected in brush specimens from 8 of
74 patients with histologically proven benign bile duct stenosis, including 3 cases of
chronic pancreatitis, 3 cases of PSC, and 2 cases of “post-surgical stenosis” [63]. In
another study with surgical follow-up, KRAS mutations were found in brush
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specimens from patients with chronic pancreatitis (1 of 8 cases) and with “unremark-
able histology” (1 of 28 cases) [65]. In a study by Kipp et al. [66], the KRAS test was
negative for mutations in 50 of 52 patients with benign diseases of the pancreatico-
biliary tract, corresponding to a specificity of 96%. Two patients had false-positive
KRAS results: one patient with PSC and one patient with ulcerative colitis [66]. It has
been speculated that KRAS mutations can precede overt histologic changes of malig-
nancy [65] and that increased or uncontrolled RAS activity as a result of an inflam-
matory process can induce genetic changes leading to tumorigenesis [66].

11.2.4 Recommendations

In general, KRAS mutation analysis has a fair sensitivity for the identification of
malignancy in the pancreaticobiliary tree, as demonstrated by the studies described
above. Currently, there is no consensus to support the use of KRAS testing as an
ancillary technique for the diagnosis of biliary duct strictures [8].

11.2.5 Future Directions

Recent advances in molecular techniques, such as next-generation sequencing
(NGS), could provide a more comprehensive knowledge of the molecular genetics
underlying pancreaticobiliary tumors and may result in the discovery of potential
biomarkers. A recent study evaluated the role of targeted NGS in pancreaticobiliary
brushing specimens in a series of 74 patients who underwent ERCP [67]. Among
the 24 cases that had a positive NGS result, the most commonly mutated gene was
KRAS (21 cases), followed by TP53 (14 cases), SMAD4 (6 cases), and p16/CDKN2A
(4 cases). In this study, the NGS technique was the most sensitive test with a sensi-
tivity of 74% when compared to cytology (67% sensitivity) and FISH (55% sensi-
tivity). Adding the FISH test to cytology increased the sensitivity to 76%. When
NGS was added to cytology, the sensitivity increased to 85%. This sensitivity (85%)
remained the same when FISH was added to NGS and cytology, meaning that the
FISH test had no impact on the sensitivity of NGS + cytology. Considering these
results and that FISH is a labor-intensive and challenging technique, the authors
concluded that NGS could be an alternative to FISH as an ancillary test for pancre-
aticobiliary brushing specimens [67].
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12.1 Introduction

Soft tissue tumors are relatively rare neoplasms that arise in any of the mesenchy-
mal tissues of the extremities, trunk/retroperitoneum, or head and neck [1]. They
display a wide range of behavior in the way they grow, recur, or metastasize. Some
tumors are benign and rarely recur or metastasize, whereas others are rapidly
aggressive in their dissemination. The relative scarcity of these neoplasms, as well
as the diversity of tumor subtypes, makes their diagnosis an extreme challenge to
many pathologists, especially those without expertise in bone and soft tissue pathol-
ogy. Thankfully, between 20 and 30% of such neoplasms are estimated to harbor
specific chromosomal abnormalities, which can assist in diagnosis and offer poten-
tial targets for future therapies [2, 3]. Due to their wide range of behavior, the treat-
ment plans can range from a simple excision to a team-oriented, multidisciplinary,
individualized treatment plan. Hence it is crucial to have the correct diagnosis and
to start the appropriate treatment as soon as possible.

Fine needle aspiration (FNA) is a well-recognized diagnostic tool for the evalua-
tion of soft tissue and bone lesions that are clinically and radiologically suspicious
for a primary or secondary malignancy. Recent studies have shown a very high accu-
rate diagnostic rate [4]. It is quick, simple, reliable, and safe with low risk of compli-
cations. The two main advantages of FNA in the evaluation of suspected soft tissue
tumors is to obtain a definitive diagnosis prior to treatment planning (is the lesion a
primary or metastatic soft tissue tumor? is the lesion benign or malignant?) and to
help in the investigation of suspected tumor recurrences or metastases. Some of the
disadvantages of using FNA as a primary diagnostic modality for soft tissue tumors
include problems with obtaining sufficient material for diagnosis and ancillary stud-
ies, in addition to the issue of not having architectural features to evaluate [5].
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However, the use of FNA with trained and experienced clinicians performing and
interpreting the biopsies, sometimes with image guidance and/or in combination
with core biopsy, can usually minimize nondiagnostic cases and maximize diagnos-
tic yield. In large academic centers, FNA cytology has been shown to have a sensitiv-
ity and specificity greater than 95% [6, 7], with less than 5% of cases inadequate for
diagnosis [6]. This success in diagnosing and subtyping soft tissue tumors is due to
the fact that immunohistochemical and molecular techniques (like RT-PCR and
FISH) can be easily applied to cytology specimens and the increasing number of
characteristic chromosomal abnormalities that have been discovered in specific soft
tissue tumors. In fact, this has also made FNA cytology preferable over intraopera-
tive frozen section in some settings, given that ancillary studies cannot be applied
intraoperatively [6].

12.2 Overview of Molecular Testing in Soft Tissue Tumors

Recent advances have determined that mechanisms that drive some soft tissue tumors
can be divided into three broad categories: transcriptional dysregulation owing to
aberrant fusion proteins resulting from genomic translocation, somatic mutations in
key genes and signaling pathways, and DNA copy number abnormalities (amplifica-
tions) [8] (Table 12.1). Real-time polymerase chain reactions (RT-PCR) and fluores-
cence in situ hybridization (FISH) studies can detect some of the genetic abnormalities
characteristic of soft tissue tumors and allow for accurate rapid diagnoses in small
specimens. These molecular techniques can be applied to almost any soft tissue cyto-
pathology specimens, including aspirate smears, cytospins, ThinPrep, and cell block,
thereby making them easy to incorporate into the work flow. These molecular tests
currently play an important integral part in the FNA diagnosis of soft tissue lesions.
In addition, there is a growing use of next-generation sequencing and more in-depth
molecular techniques to look for new, undiscovered genetic abnormalities and to
look for actionable biomarkers for treatment.

12.2.1 Fluorescence In Situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH) is a technique that utilizes fluorescently
labeled DNA probes to detect chromosomal alterations in cells. FISH can detect
various types of genetic anomalies like duplication, amplification, deletion, or trans-
location. Given that an increasing number of soft tissue tumors can be characterized

Table 12.1 Main molecular mechanisms involved in soft tissue tumorigenesis

1. Transcriptional dysregulation with aberrant fusion proteins resulting from genomic
translocations

2. Somatic mutations in genes or signaling pathways
3. DNA copy number alterations due to gene amplification
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by chromosomal alterations, FISH can help reach a more definitive diagnosis by
detecting these characteristic abnormalities in tumor cells from exfoliative and aspi-
ration cytology specimens. In fact, cytology aspirate smears and cytospins are ideal
specimens given that the entire cell nucleus is present in the preparation without the
truncation artifact that is seen with five micron sections of a cell block or tissue sec-
tion, which leads to more accurate signal enumeration. In addition, FISH is advanta-
geous because a fresh specimen is not required, unlike flow cytometry, which makes
it amenable to apply to fixed tissue that may not have a fresh specimen available.

There are three basic types of probe sets used in FISH: break-apart, fusion, and
gene probe sets [9]. Break-apart probes are those in which DNA probes bind to the
opposite ends of one gene or chromosomal region. One probe is labeled with a red/
orange fluorescent chromophore, while the other is labeled in green. In an intact
(normal) chromosome, the signals are close together, and the resulting overlapping
signal appears as a yellow dot. In a rearranged locus, one signal remains on the par-
ent chromosome, while the second signal has been translocated to a distant location,
usually on a different chromosome, but occasionally on the same chromosome. In
this abnormal situation, the red/orange and green signals are separated from each
other and are visualized as distinct separate dots. The break-apart probes tend to be
more sensitive than fusion probes given that it is simply looking for a split in the
gene of concern, but does not determine what the partner gene is. In addition, break-
apart probes can be more cost effective in that they can be used for a wide range of
tumors that each shares an abnormality in a common gene. The best example is the
EWSRI gene on chromosome 22, which is seen in a wide variety of tumors [10]
(Table 12.2). Instead of laboratories having different fusion probes for specific
translocations involving chromosome 22, they can simply use the chromosome 22
break-apart probe to say that there is a rearrangement of chromosome 22. This, in
combination with the morphology and immunophenotype, is usually sufficient for a
diagnosis, but if more specific analysis to find the fusion partner were required, then
fusion probes or PCR could be used. As with other ancillary tests, one should be
aware of the pitfalls including the fact that FISH studies do not detect other chromo-
somal abnormalities that may be seen with classical cytogenetics, and other genetic
alterations can lead to false positive findings. A recent example is the findings that
SMARCB-deficient tumors (e.g., rhabdoid tumors, epithelioid sarcoma) with INI1
protein loss can appear to have an EWS gene rearrangement by FISH due to the
juxtaposition of SMARCBI and EWSRI on chromosome 22 [11].

Table 12.2 Tumors that 1. Ewing sarcoma/primitive neuroectodermal tumor
share chromosome 22 (EWS/PNET)
(EWSRI gene)

2. Desmoplastic small round cell tumor

rearrangements
& 3. Clear cell sarcoma

4. Extraskeletal myxoid chondrosarcoma
5. Angiomatoid fibrous histiocytoma
6. Soft tissue myoepithelial tumors

7. Myxoid-round cell liposarcoma (rare)
8. Osteosarcoma, small cell variant (rare)
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Fusion or dual-color translocation probes are used to detect specific transloca-
tions associated with tumors. The two genes involved in the translocation are
labeled in different colors, usually one red and one green chromophore are used,
with one corresponding to the 5 (upstream) fusion partner and the other corre-
sponding to the 3’ (downstream) partner. A positive result consists of three sig-
nals, a fused yellow signal, as well as one red and one green signal from each of
the uninvolved alleles. A negative result is four split signals (two each red and
green). Chromosomal aneuploidy can complicate these results due to changes in
chromosomal copy number. This test is more specific than the break-apart probe,
but is not as sensitive, as a negative result does not exclude the presence of a dif-
ferent fusion partner.

Some soft tissue tumors are associated with amplification of a gene, and in these
cases, enumeration probes are helpful to detect the relative copy number. One probe
corresponds to the gene locus in question, while a second probe labels the centro-
mere of the chromosome that the target gene locus is on. In a normal cell, the ratio
between target and centromere probes is 1-2:1. However, in the amplified state, the
ratio is greatly increased. The centromere probe serves as an ideal internal control
to demonstrate that the chromosome is present and not amplified and that it is sim-
ply the gene locus that is amplified.

Some of the limitations of FISH include requirement for adequate tissue fixation
without decalcification, as decalcifying agents and ceratin fixatives with harsh acids
or heavy metals may impact interpretation of FISH results, causing indeterminate
results. FISH testing also requires technical expertise and typically results in a lon-
ger turnaround time than immunohistochemical stains. Given the need for a longer
turnaround time, cytopathologists need to decide whether to sign out their biopsy
results with a pattern-based diagnosis and differential diagnosis, followed by an
addendum incorporating the ancillary study findings, or to wait and incorporate all
findings when complete. This can be difficult as clinicians are demanding faster
answers with smaller tissue biopsies. Another limitation is that most FISH laborato-
ries have the more commonly used break-apart probes, so characteristic transloca-
tions are not specifically identified in some cases. As mentioned before, FISH
testing does not detect all genetic abnormalities, such as mutations and other chro-
mosomal abnormalities that may require other testing, such as next-generation
sequencing and classical cytogenetics. This emphasizes the need for cytopatholo-
gists who can tie all the ancillary testing results together to reach a specific diagno-
sis and optimize patient care.

12.2.2 Real-Time PCR (RT-PCR)

Polymerase chain reaction (PCR) allows amplification and analysis of nucleic acid
target. PCR can be used to detect genetic abnormalities (e.g., translocations or
mutations) in tumors. As an ancillary technique, PCR can help confirm the cyto-
logic diagnosis of soft tissue tumors by confirming the actual fusion transcripts or
mutations present.
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Real-time PCR (RT-PCR) is a PCR technique where the amplified DNA product
or amplicon product is measured as the reaction progresses, in real time, with prod-
uct quantification after each cycle. Real-time PCR results can either be qualitative
(e.g., the presence or absence of a sequence) or quantitative (e.g., copy number).
RT-PCR is rapid, accurate with a high sensitivity and specificity, and feasible with
small samples (e.g., fluids, direct smears, cytospins), which makes them useful to
apply to cytology specimens. For example, RT-PCR was shown to be highly sensi-
tive and 100% specific for the diagnosis of synovial sarcoma [12]. Limitations
include poor nucleic acid quality, sampling errors, and cross contamination. In addi-
tion, cytological samples with scant viable cells, abundant necrosis, or cellular
debris may fail testing.

FISH and RT-PCR are complementary, and sometimes both tests will be per-
formed given the advantages of the different techniques. For example, FISH testing
may be used initially with break-apart probes, given that they are more widely avail-
able and cost-effective. Then, if FISH is positive and there is a need to determine the
particular partner gene, RT-PCR could be used to identify that partner gene and
thereby provide relevant diagnostic and prognostic information.

12.2.3 Next-Generation Sequencing (NGS)

Next-generation sequencing (NGS) is also gaining popularity in solid tumors,
including soft tissue sarcomas, due to its ability to screen for a multitude of different
actionable biomarkers in very small tissue samples that may impact treatment
choices with the numerous targeted therapies available. Recently, ion torrent
sequencing was applied to a small series of patients with Ewing sarcoma and dis-
covered some novel mutations in cancer-related genes, including some linked to
targeted therapies, that may help in determining a personalized treatment plan for
these patients [13]. Furthermore, NGS is also helping us to understand soft tissue
tumors better, which may lead to improved diagnosis and developments of targeted
therapies. One example is the detection of mutations in p53 and ATRX (alpha-
thalassemia/mental retardation X-linked) in 35% and 17% of leiomyosarcomas,
respectively, based on NGS testing [14]. The advantages of NGS testing are that it
can be performed on very small samples in a variety of different fixatives (e.g.,
fresh, nucleic acid preservatives, alcohol fixed, or formalin fixed) and has a very
high sensitivity. The disadvantages include cases with inadequate preservation or
insufficient cellularity, in addition to the requirement for a high complexity labora-
tory to perform the testing and the increased cost.

12.3 Handling and Triage of Cytology Specimens

There are some critical questions the cytopathologist has to be able to answer in the
evaluation of a suspected soft tissue tumor. These questions include: Is the lesion
benign or malignant? Is the lesion low grade or high grade? What is the tumor
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origin? Is an excisional biopsy or resection required for diagnosis or treatment? Is
there sufficient material for ancillary studies? What ancillary studies should be
ordered?

The cytologic features of some soft tissue tumors have been well documented
[6, 7, 15], but in a subset of cases, core biopsies or tissue blocks might be obtained
for proper evaluation (e.g., tumor differentiation, necrosis, and mitosis) [16, 17].
In bone and soft tissue cytology, which includes both adult and pediatric patients,
in addition to FNAs and touch preparations, on-site evaluation can be helpful for
the appropriate real-time triage of the case and lead to more accurate diagnoses
[6, 7, 15-20]. On initial inspection of the aspirates, the overall cellularity is
important to determine adequacy, as hypocellular or bloody specimens are typi-
cally nondiagnostic or inadequate for morphological diagnosis and ancillary
studies. An exception to this rule of thumb would include hypocellular, cystic
lesions like ganglion or synovial cysts, which typically yield thick proteinaceous
fluid without significant cellularity but truly explain a mass lesion (Fig. 12.1).
Then, under high-power magnification, the relationship of the cells (e.g., cohe-
sive or discohesive), shape of the cells (e.g., round or spindle), and background
material (e.g., myxoid or necrotic) can help in formulating a differential diagno-
sis (Table 12.3). Based on the differential diagnosis, the aspirate material can be
triaged for microbial cultures if infectious and immunostains and FISH studies if
neoplastic, in addition to flow cytometry if suspicious for a lymphoid neoplasm.
Cytology is fortunate in that there are multiple different types of cellular prepara-
tions that can be used for immunostains and FISH studies, if properly validated.
This includes unstained aspirate smears, cytospins, liquid-based cytology prepa-
rations, and cell block sections. The choice of material depends on what is avail-
able and what yields the optimal cellularity. In some settings, a cell block may be
insufficient, so extra aspirate smears prepared from the best pass may be helpful
in order to ensure sufficient material for FISH studies without the dilutional
effect seen with the cell block prepared from the needle rinse in multiple passes
[6, 18]. In other scenarios, particularly in soft tissue and bone lesions with sub-
optimal cellularity at on-site assessment, a core biopsy may be helpful in obtain-
ing tissue.

When evaluating the aspirates or touch preparations, it is also important for the
cytopathologist to be able to morphologically categorize the findings in an FNA into
a broad category based on morphological pattern and then to generate a differential
diagnosis and appropriately triage the aspirates to obtain a complete and definitive
diagnosis. A summary of the main differential diagnosis for different morphological
patterns and the associated molecular abnormalities are summarized in Table 12.3.
This is a constantly changing list, as new molecular genetic research and next-
generation sequencing discover novel genetic abnormalities and lead to the discov-
ery of distinct neoplasms.

A soft tissue lesion sampled by FNA or core biopsy is affected by similar issues.
Some of the problems with cytological specimens and small biopsies include the
issue of nondiagnostic or insufficient samples and the fact that the small sample
may not be entirely representative. Furthermore, accurate subtyping and
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Fig. 12.1 FNA cytology of ganglion cyst. (a) Ultrasound image showing an anechoic rounded
mass with posterior acoustic enhancement, which is typical for cystic lesions. (b) Aspirates from
the mass were thick and gelatinous on gross inspection in the syringe. (¢, d) The aspirate slides
revealed abundant proteinaceous fluid with rare bland-appearing cells (¢ DQ stain, low power; d
Pap stain, low power)

classification can be challenging in FNA specimens. In articles looking at the ability
of FNA and core needle biopsies to accurately grade soft tissue tumors, only about
70% were accurately graded as high grade or low grade when the small biopsy was
compared to the resection, and most of the underestimated grading on small biop-
sies occurred with lipogenic tumors given heterogeneity and sampling issues [16,
17]. In addition, grading is typically more accurate for high-grade or malignant
tumors than for low-grade tumors on small samples [17]. However, both FNA and
image-guided core needle biopsies are advantageous in that they alleviate the need
for an open excisional biopsy under anesthesia and may enhance operative planning
for resectable tumors after the biopsy and ancillary studies are complete [6, 17].
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Table 12.3 Pattern-based approach to soft tissue cytomorphology highlighting entities with char-

acteristic molecular findings

a. “Small” round blue cell tumors

Tumor Translocation/other Fusion genes/

other

Alveolar rhabdomyosarcoma t(2;13)(q35:q14) PAX3-FKHR

Embryonal rhabdomyosarcoma LOH at the 11p15 locus of the IGF2 gene
IGF2 gene
1p deletion

Ewing sarcoma/PNET t(11;22)(q24;q12) EWSRI-FLI1

Desmoplastic small round cell tumor | t(11;22)(p13;q12) EWSRI-WTI

Undifferentiated round cell sarcoma t(4;19)(q35:q13) CIC-DUX4
t(10;19)(q26;q13)

Malignant lymphoma B-cell or T-cell gene IgH gene
rearrangements or characteristic | rearrangements
translocations TCR gene

rearrangements

b. Epithelioid cell neoplasms

Tumor Translocation/other Fusion genes/
other
Epithelioid sarcoma 22q11.2 anomalies SMARCB1

Alveolar soft part sarcoma

der(17)t(X;17)(p11;g25)

ASPSCRI-TFE3

c. Spindle cell neoplasms

Tumor Translocation/other Fusion genes/
other
Inflammatory myofibroblastic tumor | t(1;2)(q22;p23) TPM3-ALK

Giant cell fibroblastoma/
dermatofibrosarcoma protuberans

t(17,22)(q21.3;q13)

COLIAI-PDGFB

Congenital/infantile fibrosarcoma t(12;15)(p13;925) ETV6-NTRK3

Synovial sarcoma t(X;18)(pl11.2;q11.2) SS18-S8X1
SS18-SSX2

Extraskeletal mesenchymal inv(8)(q13q21) HEYI-NCOA2

chondrosarcoma

Solitary fibrous tumor 12q13 rearrangements NAB2-STAT6

Low-grade fibromyxoid sarcoma/
sclerosing epithelioid fibrosarcoma

t(7;16)(q33;p11)
t(11;16)(p11;pl11)/MUC4
immunohistochemical stain
positive

FUS-CREB3L2
FUS-CREB3LI

Myxoinflammatory fibroblastic
sarcoma/atypical myxoinflammatory
fibroblastic tumor

t(1;10)(p22;924)

TGFBR3-MGEA5

d. Myxoid neoplasms

Tumor Translocation/other Fusion genes/
other

Nodular fasciitis t(17;22)(p13;q13.1) MYH9-USP6

Lipoblastoma 8q11-13 rearrangements PLAGI

Myxoid liposarcoma t(12;16) (q13;pl1) FUS-DDIT3

1(12;22)(q13;p11)

EWSRI-DDIT3

Extraskeletal myxoid
chondrosarcoma

t(9;22)(q22;q12)

EWSRI1-NR4A3
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Table 12.3 (continued)

e. Adipocytic neoplasms

Tumor Translocation/other Fusion genes/
other
Lipoblastoma 8q11-13 rearrangements PLAGI
Myxoid liposarcoma t(12;16) (q13;p11) FUS-DDIT3
t(12;22)(q13;p11) EWSRI-DDIT3
Dedifferentiated liposarcoma Chromosome 12 amplifications MDM?2

Fig. 12.2 Alveolar rhabdomyosarcoma. (a, b) Cytomorphology of small round blue cell tumor
showing some alveolar type spaces (a DQ stain, high power; b Pap stain, high power). (¢)
Immunostaining for myogenin performed on the cell block material is positive. (d) FISH studies
confirming a FKHR gene rearrangement using the FKHR break-apart probe

12.4 Summary of Molecular Alterations in Different
Morphological Patterns of Soft Tissue Tumors

12.4.1 Small Round Blue Cell Tumors

Small round cell tumors are neoplasms composed of hyperchromatic, small-to-
intermediate-sized round cells that are slightly larger than the size of lympho-
cytes. They include sarcomas, such as alveolar rhabdomyosarcoma, embryonal
rhabdomyosarcoma, Ewing sarcoma/PNET, desmoplastic small round cell
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Fig. 12.3 Ewing sarcoma. (a, b) Aspirate smears show a small round blue cell tumor with light
and dark cells, in addition to a tigroid background on the Diff-Quik-stained smears (a DQ stain,
high power; b Pap stain, high power). (¢) CD99 positivity in tumor cells on the cell block. (d) FISH
showing an EWS gene rearrangement with the break apart probe for EWSR/ on chromosome 22

tumor, and undifferentiated round cell sarcoma (Figs. 12.2 and 12.3). The non-
sarcomatous tumors in this category include lymphoma, neuroblastoma, meta-
static small cell carcinoma, and Merkel cell carcinoma. Morphological features,
in conjunction with ancillary techniques, can usually subtype these small round
blue cell tumors. However, in a subset of cases, a definitive diagnosis may not
be possible due to technical difficulties (e.g., inadequate sampling), lack of
characteristic phenotypic or molecular profile, or lack of material (e.g., insuffi-
cient fresh tissue for flow cytometry). In addition, one should remember
benign mimics of small round blue cell malignancies, such as pilomatricoma
(Fig. 12.4).

12.4.1.1 Rhabdomyosarcoma

Rhabdomyosarcoma is the most common pediatric sarcoma [21, 22]. The inter-
national classification of rhabdomyosarcomas subdivides these sarcomas into
five types with different clinical behaviors: embryonal, spindle, embryonal bot-
ryoid, alveolar, mixed alveolar/embryonal, and rhabdomyosarcoma, not other-
wise specified or sarcoma, not otherwise specified [23]. This chapter will only
review the alveolar and embryonal type, sometimes referred to as FKHR fusion-
positive or FKHR fusion-negative cases, respectively.
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Fig. 12.4 Pitfall of small
round blue cell tumors. (a, b) a
Pilomatricomas can
morphologically resemble
small round blue cell
malignancies, but in addition
to the basaloid cells, there
should also be ghost cells and
multinucleated giant cells. On
cell block, tissue fragments
can show the abrupt
keratinization in these lesions
as well (a DQ stain, high
power; b H&E stain, low
power)

Alveolar Rhabdomyosarcoma

Alveolar rhabdomyosarcoma (ARMS) occurs at all ages but is most often seen in
adolescents and young adults. It typically involves the extremities, trunk, and head
and neck region. Cytological findings include cellular smears with apoptotic bodies
in the background and lack of lymphoglandular bodies. The cells are arranged in
loose clusters of uniform small round blue cells with fine chromatin, inconspicuous



234 K. E. Dantey and S. E. Monaco

nucleoli, and vacuolated cytoplasm. Occasional spaces can be seen in the larger
clusters on cytological aspirates due to the alveolar pattern (Fig. 12.2). There can be
a variable number of rhabdomyoblasts and occasional multinucleated tumor giant
cells with wreath-like nuclei [24, 25]. Genetic studies usually demonstrate a t(2;13)
(q35;q14) resulting in the PAX3-FKHR gene fusion in 70% of cases and a t(1;13)
(p36;q14) resulting in PAX7-FKHR in 10-20% of cases (Fig. 12.2d).

Embryonal Rhabdomyosarcoma

Embryonal rhabdomyosarcoma is the most common subtype of rhabdomyosarcoma
in children [21, 22]. The most common affected sites are the head and neck region
and the genitourinary system. Aspirates are cellular and composed of primitive
round to larger rhabdomyoblastic cells. Binucleated, multinucleated (strap cells),
“tadpole,” or “racket cells” can be seen. The cells have fine granular chromatin and
cytoplasmic vacuoles [25]. Cytogenetic analyses do not show recurrent structural
chromosome rearrangements, which is helpful and can be important in distinguish-
ing these tumors from ARMS, given that the treatment can vary and there can be
morphological overlap. In fact, some suggest that if you have a RMS in a child, the
most important feature in determining treatment is the presence or absence of the
FKHR rearrangement (e.g., fusion positive or negative).

12.4.1.2 Ewing Sarcoma/PNET

Ewing sarcoma/PNET is a small round cell tumor accounting for 6-8% of primary
malignant bone tumor and typically affects children and young adults [1]. It present
as arapidly enlarging mass. Pain is the most common clinical symptom. The smears
are highly cellular and show discohesive or loose cluster of monomorphic small
round cells. A dimorphic population of tumor cells is characteristic, smaller, and
darker cells mixed with lighter cells. The lighter cells have pale chromatin and small
nucleoli, while the darker cells have condensed chromatin and scarce cytoplasm.
Nuclear molding can be prominent (Fig. 12.3). Occasionally, rosettes and tigroid
background can be seen, particularly on air-dried Romanowsky stained preparations
[26]. Approximately 90% of cases harbor a t(11;22)(q24;q12) rearrangement result-
ing in the fusion between EWSR/ and FLII; however, alternative rearrangements
also exist (Fig. 12.3d).

12.4.1.3 Desmoplastic Small Round Cell Tumor

Desmoplastic small round cell tumor is a malignant soft tissue tumor associated
with marked stromal desmoplasia and polyphenotypic profile. It typically affects
children and young adults. Most tumors arise in the abdominal cavity [1]. The
smears are variably cellular and composed of single or loose clusters of round cells
with high N/C ratio. The nuclei have irregular membrane clefts and finely granular
chromatin. The cytoplasm is usually scant. The background displays fragments of
hypervascular desmoplastic stroma [27, 28]. Immunohistochemical staining shows
positive dot-like staining for desmin and positive staining for cytokeratin, vimentin,
NSE, and WTT.

Genetic studies reveal a t(11;22)(p13;q12) resulting the gene fusion EWS-WT1.
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12.4.2 Epithelioid Neoplasms

Epithelioid soft tissue neoplasms are characterized by large, round to polygonal
cells with moderate to abundant cytoplasm.

12.4.2.1 Epithelioid Sarcoma

Epithelioid sarcoma is a rare soft tissue tumor that typically occurs in the distal
extremities of young adults as a slow-growing nodule within the dermis and
subcutis or in the deep soft tissues. Two clinicopathological subtypes are recog-
nized: the classic “distal” form (distal extremities) and the proximal type
(trunk). Cytological smears are variably cellular and composed of discohesive
cells with occasional loose clusters. The cells are round with large eccentric
nuclei with mild to moderate nuclear pleomorphism and prominent nucleoli.
There are well-delineated cytoplasmic borders with moderate to abundant dense
cytoplasm [29]. Loss of nuclear staining for INI1 occurs in both subtypes and
can be helpful as a clue. The loss of INI1 nuclear staining is related to the chro-
mosome 22 deletions seen in the SMARCBI gene. Although loss of staining for
INII1 is helpful, it can be seen in other tumors, including extrarenal rhabdoid
tumors, myoepithelial carcinomas, and other tumors. Cytogenetic studies do not
show recurrent structural chromosome rearrangements. However, there are fre-
quently chromosome 22 deletions in the SMARCBI gene, which is located near
the EWSRI gene, and may therefore show EWSRI gene abnormalities by
FISH [11].

12.4.2.2 Alveolar Soft Part Sarcoma
Alveolar soft part sarcoma is a slow-growing painless soft tissue tumor most com-
monly seen in between ages 15 and 35 years [1]. It involves in the majority of
cases the deep soft tissue of the lower extremities in adults and the head and neck
region in children. Cytological findings are low to moderate cellularity composed
of sheets or single large cells with a vague acinar arrangement. The cells have
markedly enlarged nuclei/nucleoli. Numerous bare nuclei are seen in the
background.

The cytoplasm is finely granular and vacuolated. Nuclear pseudo inclusions and
extracellular crystalloids are occasionally noted. Genetic studies demonstrate a
t(X;17)(p11;925) resulting in the ASPSCRI-TFES3 fusion gene [30].

12.4.3 Spindle Cell Neoplasms

Cytological diagnosis of spindle cell tumors is challenging due to the difficulty in
distinguishing benign and malignant tumors. The presence of high cellularity, dis-
persed cells, necrosis, and increased mitotic activity would favor a malignant lesion.
However, for definitive answers to the question of benign versus malignant, low
grade versus high grade, and tumor line of differentiation, ancillary techniques are
usually needed.
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12.4.3.1 Inflammatory Myofibroblastic Tumor

Inflammatory myofibroblastic tumor is a rare spindle cell neoplasm of children and
young adults primarily involving soft tissue and viscera. It is composed of myofi-
broblastic and fibroblastic cells associated with an inflammatory infiltrate.

The smears are mildly to moderately cellular with bland, uniform oval-to-spindle
cells intermixed with inflammatory cells (plasma cells, lymphocytes, and/or eosino-
phils). The cells are plump with oval or bipolar nuclei with vesicular chromatin. The
cytoplasm is slightly dense and amphophilic with tapered ends [31]. The immuno-
histochemical stain for ALK is positive in tumor cells (cytoplasmic). Genetic stud-
ies in children and young adults show a t(1;2)(q22;p23) resulting in the TPM3-ALK
fusion gene.

12.4.3.2 Giant Cell Fibroblastoma/Dermatofibrosarcoma

Protuberans
Giant cell fibroblastoma/dermatofibrosarcoma protuberans are locally aggressive
superficial low-grade soft tissue tumors. Giant cell fibroblastoma is a variant of
dermatofibrosarcoma protuberans that primarily affects children and is character-
ized by multinucleated giant cells and pseudovascular channels.

The cytological smears are moderately cellular and composed of mononuclear
oval-to-spindle cells. Occasional floret-like giant cells can be noted. The nuclei are
vesicular with minimal cytological atypia. The background contains fragments of
dense metachromatic stroma [32] (Fig. 12.5). By immunohistochemical staining,
the tumor cells are positive for CD34. They are cytogenetically characterized by a
t(17,22)(q21.3;q13) resulting in the COLIAI-PDGFB fusion gene.

12.4.3.3 Congenital/Infantile Fibrosarcoma

Congenital/infantile fibrosarcoma is a soft tissue tumor usually found in children less
than 1 year of age [1]. It presents as a rapidly enlarging mass most often seen in the
distal extremities. Cytological examination demonstrates cellular smears with loose
cluster of spindle cells with elongated nuclei and evenly distributed chromatin [33].
Genetic studies demonstrate a t(12;15)(p13;925) resulting in the ETV6-NTRK3 fusion
gene, which has also been seen in a subset of secretory carcinomas of the breast,
mammary analog secretory carcinoma of the salivary gland, and some leukemias.

12.4.3.4 Synovial Sarcoma

Synovial sarcoma is a mesenchymal tumor typically found in adolescents and young
adults. It variably displays epithelial differentiation. Every location on the body can
be involved, but most tumors arise in the deep soft tissue of the lower and upper
extremities [1]. By histology it can be monophasic, biphasic, or poorly
differentiated.

The smears are cellular and show clusters, branching tissue fragments, and dis-
cohesive cells. The cells are small to medium sized and spindle shaped. The nuclei
are ovoid, round to fusiform with bland chromatin [34, 35]. The biphasic form can
show occasional acinar arrangement. Immunohistochemical staining reveals tumor
cells staining positive for bcl2, CD99, vimentin, AE1/ AE3 cytokeratin, EMA, and
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Fig. 12.5 Dermatofibrosarcoma protuberans (DFSP) in a young patient with a superficial soft
tissue mass. (a—c) Aspirates in these lesions will typically show cellular spindle cell lesions with a
background of fibrillary or metachromatic material that appears eosinophilic on cell block (a DQ
stain, high power; b Pap stain, high power; ¢ H&E stain, medium power). (d) CD34 immunostain-
ing is positive in these tumors

TLEI. Genetically the lesions have a specific t(X;18)(p11.2;q11.2) leading to the
formation of a SS78-SSX fusion gene (Fig. 12.6).

12.4.3.5 Spindle Cell Melanoma

The possibility of melanoma should also be considered when a spindle cell neoplasm
is seen in cytology. This is the reason that most immunohistochemistry panels for
spindle cell neoplasms include melanoma markers, such as S100 protein, MelanA,
and SOX10. HMBA45 can be negative in these tumors. In addition, a pitfall is that
S100 protein and SOX10 will also be positive in neurogenic tumors, such as schwan-
noma. Morphologically, spindle cell melanomas are cellular but can be quite bland
without the obvious binucleation, prominent nucleoli, and intranuclear inclusions
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Fig. 12.6 Synovial sarcoma.
(a) FNA showing a cellular
spindle cell neoplasm with
nuclear atypia that was
positive for EMA, CD99,
TLE3, and bcl2. (b) FISH
studies confirmed an SS/8 or
SYT gene rearrangement
using a chromosome 18q11.2
break-apart probe

seen with the epithelioid melanomas (Fig. 12.7). A diagnosis of melanoma is critical
given that most FNAs are of metastatic lesions, which should undergo mutational
testing for BRAF and RAS mutations given that they impact treatment.

12.4.4 Myxoid Neoplasms

Myxoid soft tissue tumors are mesenchymal lesions with a “myxoid” background,
composed of mucopolysaccharide substances. They are a heterogeneous group
composed of benign and malignant tumors. Cytologically, myxoid-type material is
usually easy to identify on Romanowsky-stained slides.

12.4.4.1 Nodular Fasciitis

Nodular fasciitis is a self-limiting soft tissue lesion composed of undulating bun-
dles of loosely arranged fibroblasts and myofibroblasts that display a culture-like
growth pattern. The smears have moderate to high cellularity with a metachromic
myxoid stroma in the background. The cells are arranged in a loosely cohesive to
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Fig. 12.7 Spindle cell melanoma. (a—c) The possibility of a melanoma should always be consid-
ered in a spindle cell neoplasm. The aspirates show a monotonous appearing spindle cell neoplasm
with atypia but without pigment. The tumor cells lack the characteristic features seen in epithelioid
melanomas (a DQ stain, high power; b Pap stain, high power; ¢ H&E stain, medium power). (d)
S100 protein staining on the cell block is positive, confirming the diagnosis. These cases should be
sent for BRAF mutational testing in the metastatic setting

cohesive manner. Individual tumor cell are oval-to-spindle shaped and bland look-
ing; however, the presence of mitoses can be alarming and lead to an overdiagnosis
of sarcoma. Inflammatory cells (neutrophils, lymphocytes, histiocytes, multinucle-
ated giant cells, and occasionally eosinophils) are also present in the background
(Fig. 12.8). The t(17;22)(p13;q13.1) resulting in MYH9-USP6 gene fusion is a
recurrent event, and there is a FISH probe commercially available for USP6 [36].

12.4.4.2 Extraskeletal Myxoid Chondrosarcomas

Extraskeletal myxoid chondrosarcomas is believed to be an intermediate-grade soft
tissue tumor with high rate of recurrence and metastasis. These lesions affect young
adults and often arise from the extremities [1]. The smears are paucicellular to
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Fig. 12.8 Nodular fasciitis on the palmar surface of the hand in a young chef. (a) Clinical image
of the patient’s hand with the mass, prior to FNA biopsy. (b, ¢) Aspirates show mild-to-moderate
cellularity with bland-appearing cells that have oval-to-round nuclei within a background with
some myxocollagenous material (b DQ stain, high power; ¢ Pap stain, high power). (d) Surgical
excision of the lesion showing a gelatinous soft tissue lesion that is relatively well circumscribed.
(e) Histology of the lesion showing a moderately cellular spindle cell lesions with mitosis (central)
and a collagenous type background with scattered inflammatory cells (e H&E stain, high power)

cellular smears with a bright magenta fibrillary stroma. The tumor cells have a cord
and lacelike arrangement and are embedded in background matrix. The cells are
bland, uniform, fusiform, and round to oval. The nuclei have fine granular chroma-
tin with small prominent nucleoli [38]. The genetic hallmark is a t(9;22)(q22;q12)
resulting in the EWSR1-NR4A3 gene fusion.

12.4.5 Adipocytic Neoplasms

Adipocytic neoplasms are mesenchymal lesions with lipogenic differentiation. This
group includes very common lesions like benign lipomas to highly malignant
lesions like pleomorphic liposarcomas. One of the most helpful FISH studies in
these tumors is the MDM?2 amplification test, which can help to solidify a diagnosis
of a dedifferentiated liposarcoma that can mimic other pleomorphic spindle cell
neoplasms (Fig. 12.9) [37, 39, 40].

12.4.5.1 Myxoid Liposarcoma

Myxoid liposarcoma (MLPS) is a subtype of liposarcoma most commonly affecting
young adults and usually located in the deep soft tissue of the extremities (e.g., the
thigh). Cytological examination demonstrates cellular smears with single cells and/
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Fig. 12.9 Dedifferentiated
liposarcoma with MDM?2
amplification. (a) FNA
cytology in dedifferentiated
liposarcoma will show
moderately cellular aspirates
with pleomorphic spindle
cells. Definitive lipoblasts are
often not seen (a DQ stain,
high power). (b) FISH studies
confirm the presence of an
MDM?2 gene amplification,
which can help confirm that
the tumor is a dedifferentiated
liposarcoma, opposed to
another high-grade sarcoma

or cells clusters. The background reveals branching, delicate thin-walled capillaries
in myxoid stroma, and thus, the presence of increased vascularity in myxoid mate-
rial should raise suspicion for MLPS (Fig. 12.10). Lipoblasts in various stages of
differentiation (small round cells to well-differentiated lipoblasts) are easily noted.
Uniform, round, small tumor cells with occasional lipid vacuoles (round cell com-
ponent) can also be present [40]. Genetic studies demonstrate the rearrangement
t(12;16) (q13;p11) FUS-DDIT3 (Fig. 12.10c).

12.4.6 Pediatric Soft Tissue Neoplasms

The diagnostic approach to soft tissue tumors arising in the pediatric population are
similar to that involving adult patients, whereby a small biopsy or FNA can help in the
preoperative setting to determine the appropriate management. This is particularly
important in pediatrics given that there is a high level of anxiety for young patients and
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CHOPM2q13

Fig. 12.10 Myxoid liposarcoma. (a, b) Aspirates show paucicellular myxoid material with
increased thin-walled chicken-wire type vasculature (a DQ stain, high power; b Pap stain, high
power). (¢) FISH testing confirmed the presence of a chromosome 12 gene rearrangement, which
is typical for these tumors
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Fig. 12.11 Cytology and core biopsy of small cell osteosarcoma in a 15-year-old boy. (a, b) The
cytological findings show features of a small round blue cell tumor with some nuclear pleomorphism
and rare metachromatic material that appears more dense than typical myxoid material (a, b DQ
stain, high power). Histological features of the core biopsy include areas of tumor cells with eosino-
philic osteoid matrix, confirming the diagnosis of an osteosarcoma (¢ H&E stain, medium power).
FISH studies for EWS and SS18 were negative in this case, excluding a Ewing sarcoma and synovial
sarcoma, respectively

their families when a mass lesion is identified. In addition, when planning the approach
to biopsying these lesions, the patient age and maturity is crucial in order to determine if
the biopsy can be safely done without sedation or anesthesia, as many young children
may have difficulty sitting still for an FNA biopsy, necessitating immobilization devices
(e.g., papoose), sedation, or general anesthesia [19]. In the United States, FNA biopsy is
typically used more often for benign, superficial pediatric lesions (e.g., reactive lymph
nodes), opposed to malignant lesions due to the need for histological sampling for many
tumors in order for children to be candidates for clinical trials or oncology groups. This
differs from other countries that use FNA biopsy for first-line diagnoses of tumors, lead-
ing to potential neoadjuvant treatment prior to surgery [20].

On the interpretation side, pediatric soft tissue lesions conjure up a slightly differ-
ent differential diagnosis than in the adult population, as small round blue cell tumors
will outnumber other morphological patterns and certain tumors will be more com-
mon than in adults (e.g., neuroblastoma). Furthermore, some tumors that we don’t
typically consider in a small round blue cell tumor differential can have a small round
blue cell pattern in rare subtypes, which makes cytogenetic studies important. An
example is a challenging case of a young patient with a bone lesion, showing a small
cell variant of osteosarcoma, where negative EWS gene rearrangement studies and a
core biopsy showing osteoid helped to solidify the diagnosis (Fig. 12.11). In addi-
tion, metastatic carcinomas and small B-cell lymphomas are very unlikely in young
children, moving the differential diagnosis more toward either high-grade lympho-
mas or sarcomas. Overall, benign soft tissue tumors are more common than malig-
nant soft tissue tumors (sarcomas) in both the adult and pediatric populations and can
be treated with simple excision. This is why an accurate preoperative diagnosis is
crucial in order to avoid more aggressive surgery and associated morbidity. In con-
trast, malignant nonlymphoid tumors usually require resection and a team-oriented,
multidisciplinary treatment plan, whereas malignant lymphomas can be treated non-
surgically. Thus, accurate diagnosis of lymphoid tumors is crucial on small biopsies
to spare young patients from unnecessary surgical excision.
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12.5 Summary

Many bone and soft tissue tumors in adults and children are characterized by spe-
cific genetic abnormalities, and detection of these genetic changes with molecular
techniques (FISH, RT-PCR, and NGS) can greatly enhance diagnostic accuracy.
Understandably, there is a great need to obtain adequate material for proper patient
evaluation. FNA procedures are safe and cost-effective in providing adequate sam-
ples for molecular studies; hence molecular pathology is nowadays an integral part
of cytopathology in the evaluation of soft tissue tumors.
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13.1 Why Study Metastatic Disease?

Cancer is the second most common cause of death in the USA and in most of west-
ern countries, only to be exceeded by heart disease. Survival statistics vary greatly
by cancer type and stage at diagnosis, but there has been a global improvement in
survival reflecting both earlier diagnosis and improvements in treatment [1]. Still, in
2016, 595,690 patients are expected to die of cancer in the USA alone, and in
Europe 1.75 million deaths from cancer were estimated in 2012 [1, 2]. Independently
of the developed country or year considered, approximately 90% of cancer deaths
were due to metastatic disease. With the exception of the tumors of the CNS, only
rarely mortality is due to local invasion.

Historically, achieving locoregional control of cancer was the first milestone of
cancer treatment achieved, followed by reduction of local relapse. Presently, in sev-
eral cancer types, as breast and colon cancer, prevention of local relapse has been
perfected. Successful treatments of these cancer types are measured in long inter-
vals of time after diagnosis and only interrupted by the diagnosis of metastatic dis-
ease. More than ever, understanding the complexity of metastatic disease is essential.
Advanced cancer treatment is rapidly evolving and focusing on prevention and
control of metastatic disease. Cytopathology as a fundamental field of oncologic
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pathology should logically follow to adapt to this new paradigm in cancer
treatment.

Until recently, progression to metastatic disease has been viewed as linear pro-
cess in which cancer cells pass through multiple successive rounds of mutation and
selection for competitive fitness in the context of the primary tumor. These succes-
sive rounds of selection would then lead to cell clones with a more invasive and
metastatic phenotype. After a number of such rounds, these tumor cell clones would
expand and leave the primary site to seed secondary growths. As such, the develop-
ment of metastasis was considered a late consequence of the evolution of the pri-
mary tumor and would be expected to recapitulate much of the genetic landscape of
the primary tumor with the differences observed attributed to epigenetic regulation/
variation induced by local selective pressures [3].

But for a number of decades now, this linear progression model has been chal-
lenged. The first evidence questioning the linear progression model was presented
in studies comparing proliferation rate of the primary and the metastatic sites [4, 5].
According to these early studies, most of the observed metastases were simply too
large to be initiated only at the late stages of primary tumor development. The alter-
native hypothesis the authors proposed was that given the metastases growth rate,
the metastatic seeding would have to have occurred long before the first symptoms
appeared (or the primary tumor was diagnosed). During the last decades, this alter-
native progression model has been gaining acceptance based on a growing body of
supporting evidence [3, 6]. This model was named parallel progression, and the
cornerstone of this progression model is that the metastatic potential/phenotype
occurs in the early stages of the disease, in theory, even before diagnosis.

Independently of the model considered, tumor evolution occurs because of
intrinsic and extrinsic selective pressures exerted. At each tumor location, and due
to the different selective pressures, a unique complex clonal landscape can poten-
tially develop (Fig. 13.1). This possibility leads to important clinical implications,
being the most obvious that tumors will have differential and evolving responses to
treatment. Examples from studies of breast cancer and colorectal cancer strongly
support this possibility [7-9]. However, while this variability may be explained by
the emergence of genomically distinct clones, most genomic profiling to date has
relied on bulk tumor and therefore only reflects the broad mutational landscape of
the majority of cells in the primary tumors [10]. Another consequence of relying on
initial analyses of tumors is that evolutionary pathways are not monitored, which
then leaves us unable to account for the emergence of different phenotypes with
different therapeutic susceptibility during the course of the disease as a result of
natural tumor progression and selective therapeutic pressures [11].

Despite the clinical challenges presented by tumor heterogeneity and evolution,
this natural selection phenomenon can present significant opportunities. Clonal het-
erogeneity may be considered a “molecular phenotype” and used as a prognostic
marker [12, 13]. Clonal diversity measures such as the Shannon diversity index,
adapted from ecology and evolution, have been shown to predict progression to
adenocarcinoma in patients with Barrett’s esophagus and be associated with
response to neoadjuvant breast cancer chemotherapy [14, 15]. Additionally, by con-
stituting a source of variability, intratumor heterogeneity can lead to the emergence
of targetable oncogenic alterations for which approved targeted therapies may



13 Molecular Cytology Applications in Metastases 249

Primary Tumor Metastases

i Tumor Clonal
4_{ Evolution

Tumor Clonal
Evolution

Molecular
analysis

« Diagnosis with a reduced sample

«Most molecular testing currently available
(either in-situ or sequencing)

« Longitudinal tracking of tumor clonal evolution
with minimal patient discomfort

Fig. 13.1 Tumor evolution leads to a diverse clonal architecture. Due to the local selective pres-
sures and therapy-induced selective pressure, metastases can display a diverse clonal architecture.
This can lead to different phenotypes and resistance to therapy. By using cytopathology techniques
as FNA combined with molecular techniques, it is possible to better understand the tumor land-
scape, and longitudinally track the complexity of metastatic foci, to make better therapeutic
decisions

already exist, thus creating new therapeutic opportunities that did not exist or were
not relevant at the time of initial diagnosis [16].

In summary, while the exact mechanisms on the origin metastatic disease are not
yet well-understood, metastatic disease is the cause of death by cancer for a large
majority of patients and therefore should be a priority for research and patient care.
Intratumor heterogeneity and evolution are added challenges still mostly neglected
when considering metastatic disease care, and we believe cytology can have a trans-
formative role in pathology practice by simplifying the monitoring of metastatic dis-
ease. Over the next section of this chapter, we will explore some of the ancillary
studies performed in metastatic disease using cytological samples and explore the
modern role of cytology in metastatic disease monitoring and ultimately patient care.

13.2 Molecular Techniques Applied to Metastatic Disease
Study

In the previous chapters of this book, molecular tests and applications in cytological
material were discussed for a variety of cancer types and locations. In this section,
we will highlight some of the most recent and thought-provoking studies performed
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focusing on metastatic disease and potentially of great impact in clinical practice in
a near future.

Like what happened in the past with the application of immunohistochemistry,
molecular techniques in routine pathological examination are changing practice
paradigms. Cytological samples present several advantages with regards to per-
forming ancillary molecular studies when comparing to FFPE samples, including
the ability to check the quality/quantity of the sample immediately after harvesting
and better preservation of DNA and RNA for archiving [17-19].

As discussed in detail in Chap. 3, a wide array of molecular techniques are nowa-
days successfully used in cytology ranging from PCR-based methods to massive
parallel sequencing. Briefly, PCR-based methods can be used to detect chromosomal
alterations such as deletions and translocations or point mutations in individual genes
that are currently used in cytology for detecting gene mutations, for clonal gene rear-
rangements, and for the detection of viral sequences. Other techniques, such as in
situ hybridization (ISH), with either fluorescent or chromogenic markers, have also
been extensively applied in cytology to detect numerical or structural aberrations of
chromosomes; in addition to its reliability, this technique is particularly useful for
analyzing cytological material, as it can be applied to samples directly. ISH tech-
niques are routinely used to detect gene amplifications, for example, of the HER2
gene in breast carcinoma or of NMYC in neuroblastomas [18]. These techniques can
also be easily applied to cytological samples obtained from metastatic sites, allowing
a comparison of the characteristics of these cells with those of the primary tumor.
Other techniques as PCR or conventional comparative genomic hybridization have
been used in combination with DNA extracted from cytological slides proving they
can be successfully used in routine cytology specimens [20, 21].

More recently, sequencing techniques, mostly targeted sequencing, have been
employed in many studies in cytology and are making its way to the clinical setting.
To this, the advent of new nucleic acid extraction protocols as well as new sequenc-
ing platforms requiring reduced nucleic acid quantity requirements have contrib-
uted tremendously, allowing the use of cytological specimens for high-throughput
analysis. Several recent studies have been published showing the feasibility of con-
ducting next-generation sequencing, both targeted and whole-exome sequencing in
cytological samples [22-26]. For this purpose, Shah et al. used effusion fluid sam-
ples from patients with high-grade serous ovarian carcinomas (HGSCs), whose fro-
zen tumors had been previously extensively characterized as part of The Cancer
Genome Atlas (TCGA) [25]. In this study, copy number variation (CNV) profiles
were similar independently of the sample type, and for mutation profiling, smear
samples had a better performance probably due to the higher tumor concentration in
these cytological samples of ovarian HHSCs [25]. In fact, cytological samples are
increasingly recognized as performing even better than FFPE samples for sequenc-
ing analysis, especially in defined clinical settings as the analysis of bone metastasis
from lung and colon cancers and melanoma [26].

Another important step for both clinical care and oncologic pathology research
was also taken by proving the feasibility of the use of archival cytological samples
for both targeted and whole-exome sequencing (WES). Piqueret-Stephan et al.
compared cytological material collected from archival smears processed for routine
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diagnosis, many of them from pleural and peritoneal effusions, with matched frozen
samples [27]. Not only cytological samples proved to be a reliable source of nucleic
acids for targeted sequencing but also WES and for SNP array-based analysis [27].
Importantly, by using archival cytological samples, this study unlocked the use of
the cytological samples stored in pathological archives and previously processed
and used for routine diagnostic, offering new opportunities for cytopathologists and
oncologists.

In recent years, other types of nuclear acids and other DNA and messenger RNA
(mRNA) have been investigated in cytological samples as microRNAs (miRNA).
While quantification of miRNAs in FFPE samples is frequently challenging, due to
the stability of miRNAs in fluids and the possibility of being quantified in very low
amounts of sample material, cytological samples have proven to be the best source
for routine miRNA quantification in the clinical setting. In fact many of today’s com-
mercially available mutational panels to use with cytological samples are based on
miRNA analysis as the ThyraMIR™ and RosettaGX™ for thyroid lesions with other
panels clamming clinical usefulness in frequently overlooked areas as small-cell
lung cancer (SCLC) [28, 29]. As with miRNAs, IncRNAs seem to be highly tissue
and phenotype specific, allowing accurate tumor type and subtype classification [30,
31]. As such, we also expect in the near future this (and other) type of RNAs will
make their way into clinical applications coupled with cytology techniques.

Additional proof-of-principle and validation studies are also being taken to
extend the use in molecular applications of cytological samples for both clinical and
research applications. One curious recent application was the use of routine cyto-
logical techniques and samples to monitor in patient-derived 3D tumor organoids
in vitro using WGS and for the use in functional studies, as pharmacologic screen-
ing and tumor drug resistance studies [32]. Other application in molecular cytopa-
thology that currently is largely investigational, but showing great potential for
more routine applications, is the characterization and establishment of patient-
derived xenografts or PDXs. These mouse models are based on the transfer of pri-
mary tumors directly from the patient into a mouse and allow the growth of the
tumor for deep characterization, evolutionary analysis, and multiple pharmacologi-
cal screenings. Of course, this is only a possibility as many of the PDX models have
shown to replicate much of the characteristics of the tumor in the human “host,”
namely, histology, gene expression profiles, and CNVs [33-35]. The transfer of
tumors from the patient into a mouse is usually performed by obtaining fresh tumor
tissue from surgery, at which point part of the tumor is mechanically or chemically
digested, with a small portion saved as a primary stock, and established in a mouse.
One major advance in a clinical PDX program would be the establishment of the
tumor using FNA and/or effusion samples as it would present numerous advantages.
With FNA and/or effusion samples, the sample handling would be less challenging
as no digestion would be required, tumor purity could be promptly evaluated, and it
would make the establishment of PDX models of tumor metastasis easier, which are
potentially more useful to tailored therapeutic selection in the setting of progression
and resistance.

In summary, the quantity and quality of nucleic acids extracted from cytological
samples are usually adequate for modern protocols of molecular techniques, and it
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is frequently superior to traditional FFPE samples in sequencing studies, either tar-
geted or WES. Newer sequencing technologies have also allowed an easier analysis
of emerging nucleic acids in cytological samples. Finally, as newer molecular appli-
cations and models to study metastatic disease are emerging, as the generation of
PDX models for clinical applications, we believe the role of cytology will continue
to expand in both the research setting and the clinical management of metastatic
cancer.

13.3 Role of Cytology in the Management
of Metastatic Cancer

Presently the usefulness of molecular cytology applications on metastatic sites and
disease is highly dependent on the existence of molecular classification systems
and/or of molecularly targeted therapies that often depend on the identification of a
distinct genomic abnormality; examples of these include (1) monoclonal antibodies
(trastuzumab and cetuximab) in HER2-positive breast cancer and wild-type KRAS
colorectal cancer; (2) tyrosine kinase inhibitors (TKIs) such as imatinib, gefitinib,
or crizotinib in non-small-cell lung cancers; and (3) intracellular agents (as vemu-
rafenib) in metastatic malignant melanoma. When only considering solid malignan-
cies, five areas or organs/systems emerge as the most promising and important fields
in which cytology combined with molecular assessment can be effectively applied
[36]. These areas are metastatic breast, colorectal, lung, and ovarian carcinomas as
well as metastatic melanoma.

Metastatic breast cancer (MBC) complexity is only now being understood.
Recent data suggests that the molecular signature of each breast cancer is unique,
even when compared with other breast cancers of the same molecular classification
and more so if we also consider metastatic disease [37]. MBC is frequently diag-
nosed by combining clinical features, namely, medical history and imaging data.
Once diagnosed, in MBC patients, the choice of systemic therapy is usually made
based on the ER, PR, and HER?2 status of the dominant clone in the primary tumor,
often diagnosed several years before. Biopsy of suspected metastatic lesions is
rarely undertaken, and repeated collection of biopsy tissue during the course of the
disease is exceptional and presently reserved for an investigational setting. However,
discrepancies between the pathology report for the primary tumor and for the meta-
static lesions are as high as 30-40% for MBCs that are hormone receptor (ER and
PR) positive and are up to 10% for HER2-overexpressing carcinomas [38—40].
More importantly, the discrepancies between primary tumor and metastatic biopsies
have been shown to be responsible for a therapy regimen change in 14-20% of
patients [38, 40]. Even if not considering more sophisticated therapeutic regimens,
these results highlight the need for resampling metastasis in MBC [41]. We consider
that in MBC the need for longitudinal sampling of metastatic disease will only
increase as therapy becomes more personalized and concepts as tumor clonal evolu-
tion are translated to the therapeutic regimens/schemes [42].
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In metastatic colorectal carcinomas, KRAS gene mutations in patients with met-
astatic colorectal cancer are possible molecular diagnostic markers that predict sen-
sitivity to anti-EGFR therapeutics [43]. Anti-EGFR agents, as cetuximab and
panitumumab in combination with conventional chemotherapy, are effective in
colorectal cancer [44, 45]. However, sensitivity to these agents is highly dependable
on KRAS mutation status with a significant percentage of primarily KRAS-WT
patients not responding at some point [46, 47]. One of the reasons for this fact is the
discrepancy in KRAS mutation status between the primary tumor and the metasta-
sis. In a study of 250 patients with sporadic colorectal cancer, a discrepancy of up
to 17% was reported between the KRAS and BRAF mutation status between the
primary tumor and a metastasis [48]. Additionally, Despite the routine use of colo-
noscopy for diagnosis and screening, a significant number of patients (approxi-
mately 11% even in a prescreened with colonoscopy population [49]) are still
diagnosed with metastatic colorectal carcinoma at presentation. As cytological
specimens are a reliable source of sample material for KRAS and BRAF mutation
analysis [50], the acquisition of metastatic colorectal samples by FNA, either during
the evolution of established disease or at presentation, should always be considered
in metastatic colorectal carcinoma patients as a suitable alternative to more invasive
methods.

Another area where cytological patient samples are frequently used for molecu-
lar testing is lung cancer. In primary lung cancer, specifically non-small-cell lung
cancer (NSCLC), EGFR and KRAS gene mutation status analyses are frequently
conducted in cytological samples and more recently ALK gene rearrangements [51,
52]. NSCLC patients are frequently diagnosed solely by cytology, with only about
a third displaying indication for curative surgery and many presenting with solid
metastasis and pleural effusions. Therefore, several studies were conducted early on
to show the feasibility of routine molecular testing in cytological samples of pri-
mary and metastatic NSCLC [53-57]. While many of these studies confirm the
feasibility of molecular testing in cytological samples of NSCLC metastasis, includ-
ing metastasis to bone, adrenal gland, soft tissues, and liver, some discrepancies are
to be expected in molecular testing of the metastasis in these patients. Discrepancies
in these cases seem to occur more frequently between different metastatic sites and
as time between primary tumor analysis and the metastasis analysis is increased
[54], occasionally resulting in emergence of new mutations (due to the earlier men-
tioned considerations about tumor evolution and metastatic spread model). Taken
together, these studies strongly reinforce the feasibility and clinical usefulness of
cytological samples for molecular assays in NSCLC, as well as the feasibility and
need of biopsying metastatic sites at diagnosis or during the course of disease.

Ovarian cancer and in particular ovarian carcinomas is another area where it is
believed that molecular applications coupled with cytology can make a difference,
particularly in the metastatic setting. Like in the areas already mentioned, obtaining
cytological samples from metastatic ovarian carcinomas and ovarian peritoneal
effusions is feasible and informative. More than 10 years ago, it was shown by
Centeno et al. that FNA samples from ovarian carcinoma contained high percentage
of tumor cells and quality RNA for gene expression profiling using microarray
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technology [58]. More recently, other authors confirmed the feasibility of analysis
of ovarian carcinoma metastasis by targeted NGS using residual FNA rinse [59].
Therefore, there is no question about the feasibility of molecular tool application in
metastatic ovarian carcinoma cytological samples or effusions. Nevertheless, there
is an extensive work to be done regarding discovery and validation of molecular
biomarkers in metastatic ovarian carcinoma using cytological samples. Much due to
the more aggressive surgical techniques aimed at optimal cytoreduction, the sur-
vival of women with ovarian carcinoma has been improving. Yet, approximately
60% of patients with advanced disease at primary diagnosis will experience a recur-
rence within 5 years of diagnosis, and many will develop resistance to chemother-
apy [60]. Aimed at improving theses outcomes, several new drugs are being
evaluated and used in ovarian carcinomas, including agents that target VEGF, VEGF
receptor, EGFR, PARP and PTEN [61]. However, biomarkers of response aimed at
identifying groups of patients that would benefit from these therapies are limited.
The use of cytological samples coupled with molecular techniques could help in the
clinical comprehensive profiling of metastatic ovarian carcinomas and in the near
future contribute to the development of clinical useful biomarkers of both prognosis
and response in ovarian metastatic carcinoma.

The last area reviewed in this chapter where there is substantial evidence for a
central role of molecular cytology applications on metastatic sites is melanoma.
Melanomais ahighly aggressive tumor with generally poor prognosis. Approximately
30% of melanoma patients recur, and the 5-year survival rate for patients with meta-
static melanoma is less than 15% with a median overall survival of 8—10 months
[62]. Mutations in BRAF are the most frequent actionable abnormality encountered
in melanoma. The majority of these mutations are characterized by the substitution
of valine by glutamic acid at residue 600 (BRAF V600E), which activates mitogen-
activated protein kinase (MAPK) signal transduction cascade and leads to uncon-
trolled melanoma cell growth [63]. Vemurafenib and dabrafenib, two selective
inhibitors of BRAF Val600, have been shown to produce a clinical response, with
the addition of trametinib, which targets MEK downstream of BRAF, adding a clear
benefit over monotherapy [62, 64]. Other mutations, in NRAS and c¢-KIT, are of
potential therapeutic value, and the development of new targeted therapies is cur-
rently in progress [65]. Presently, it is imperative that all metastatic melanomas are
tested for BRAF mutations and, in the near future, probably for other mutations as
well. FNA has been more commonly used for the diagnosis of multiple recurrences
and restaging of melanoma than core biopsy or excision specimens [66] and recur-
rently shown to be suitable for BRAF mutation testing in metastatic melanoma [67,
68]. Consequently, FNA biopsies are suitable for establishing diagnosis and for
identifying patients with metastatic melanoma in whom targeted therapy is most
likely to be effective.

It is clear in all of the abovementioned examples that cytological samples are
feasible for the molecular analysis currently needed for targeted therapy patient
selection in five areas briefly reviewed. It is also clear that specifically considering
metastatic disease, cytological samples offer a number of advantages (Fig. 13.1).
First, the use of FNA makes the sample collection easier, especially in cases when
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the use of large-core biopsy needles is not possible or, simply, too traumatic. Second,
it allows the analysis of molecular abnormalities in patients with a malignant effu-
sion (either at presentation or a recurrent malignant effusion). Third, it allows the
easy resampling of the metastasis, which is increasingly needed due to the recogni-
tion of potential genetic evolution and/or the occurrence of new genetic abnormali-
ties during the course of treatment that may determine acquisition of resistance (or
susceptibility to a new drug) during the course of treatment

13.4 Conclusions and Future Directions

In contemporary oncology and pathology practice, therapy selection based on dif-
ferent biomarkers is a reality for many cancer types, especially in the context of
primary disease. In the context of metastatic disease and much due to the increase
in recognition of tumor evolution and heterogeneity, it is becoming more frequent
to biopsy (or re-biopsy) metastases. This practice is fundamental to achieve a
comprehensive profile of the several metastatic sites in a given patient as well as
the clonal evolution at each of the metastatic sites. The use of cytologic samples
(either FNAs or effusions) offers a better alternative to core needle or surgical
biopsies for frequent biopsy of metastatic sites: it is minimally invasive, causes
marginal discomfort for the patients, and allows use of most clinically relevant
molecular studies. Coupled with modern interventional radiology techniques,
most metastatic sites are possible to sample by FNA. However, as significance and
clinical implications of the longitudinal tracking of tumor clonal composition in a
patient are still largely unknown, re-biopsy of metastasis should (for now) be only
recommended when there is a change in response to treatment or a new metastatic
site is diagnosed. Nevertheless, we envision this practice recommendation to
change as the mechanisms of tumor evolution are better understood. Newer clini-
cal trials are being redesigned to accommodate this knowledge about evolution
and longitudinal analysis of tumors. This will ultimately lead to better under-
standing of treatment resistance development and will help to uncover therapeutic
choices that will prolong the survival and enhance the quality of life of patients
with metastatic cancer. Therefore, we are confident that cytopathology is a disci-
pline with a central role in state-of-the-art practice of diagnostic and treatment of
metastatic disease.
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Clinical Integration of Molecular Results 1 4
on Cytology (Post-analytical Phase)

Perry Maxwell, Fernando C. Schmitt, and Manuel Salto-Tellez

14.1 Why Clinical Integration Is Necessary

We conceptualised in 2004 the framework for molecular diagnostics in cytopathol-
ogy, primarily in the areas of solid tumours and haemato-oncology which, during the
course of the years, have become part of our molecular diagnostic understanding.
The area of “Diagnostic Molecular Cytopathology” [1] central to many develop-
ments in personalised/precision medicine was governed then by two main provisos,
namely, (1) that almost any molecular test that could be applied to formalin-fixed,
paraffin-embedded (FFPE) material could also be applied to any cytology sample
and (2) that the adoption of a genotypic dimension to the phenotypic diagnostic rou-
tine would change the way that many practising pathologists operated. Such changes
have become both a challenge and opportunity. With this opportunity came also the
responsibility to provide due diligence in the pre-analytical aspects of such tests and
that each test be specifically optimised and validated for cytology samples.
Subsequently we have seen the development of cancer immunology, amounting to a
revolution in oncology that has also deeply transformed the way in which we practise
pathology for both tissue and cytology samples, benefiting from more precise sam-
pling procedures such as endobronchial ultrasound (EBUS)-generated sampling. In
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addition, there are occasions in which molecular testing is the ideal way of bringing
extra diagnostic relevance to challenging areas in cytopathology with a high level of
diagnostic uncertainty, such as pancreatic FNAs or thyroid aspirates. Today, we are
immersed in a broad technology transformation, with technologies such as next-gen-
eration sequencing (NGS) or gene expression (GE) arrays leading a “second
revolution”.

With this in mind, it would appear that the cytopathologist or cellular pathologist
should have the knowledge to carry out a certain degree of morpho-molecular inte-
gration in their reports.

14.2 Levels of Clinical Integration

It may be perceived that a cellular pathologist is the obvious choice to be the inte-
grator of the morphological with the molecular. As a competent tissue morpholo-
gist, does this qualification, however, lead naturally to being an integrator of the
molecular? There are two types of integration to be achieved: diagnostic (aiming to
establish a diagnosis in the context of an accepted taxonomic classification) and
therapeutic. A haemato-oncology histopathological report exemplifies the former
where the result of clonality testing or the presence of a translocation can confirm/
refute a diagnosis of malignancy and provide a clear diagnostic certainty. Moreover,
neuropathology and sarcoma/soft tissue pathology share such a paradigm, the latter
with some application to cytopathology—see Chap. 12.

The skill set required for therapeutic integration, however, whilst adding molec-
ular information on therapeutics, does not influence the cytopathology diagnosis but
adds levels of molecular complexity to inform a therapeutic decision. Specifically
this requires very broad knowledge and very specific training in interpretative
molecular diagnostics and clinical genomics, whereas diagnostic integration occurs
in a simpler paradigm. Some key aspects of modern molecular testing include the
following: there is the need to understand the technologies that generate the result;
judge if a specific test is satisfactory from a technical point of view and have the
option to suggests modes to troubleshoot a suboptimal test run; understand the bio-
logical variables that some of these tests may bring to the forefront in some cases;
have the appropriate knowledge to manage increasingly complex data (i.e. bioinfor-
matics); and, indeed, be aware of the clinical relevance of any biological variable
that these tests may produce. Clinical integrity may be compromised should any of
these aspects be misjudged and the morpho-molecular “integrator” needs to be as
versed in molecular diagnostics as in morphology.

We would argue that lacking appropriate subspecialty training, cellular and tis-
sue pathologists (exceptions aside) cannot drive therapeutic integration. As cellular
pathologists, for too long we have been trained exclusively in the morphological.
Recent attempts to redefine training are too timid especially if we take into account
the degree of “genomic complexity that is coming to us: crafting NGS reports with
the necessary skills to translate specific mutations in hundreds of genes into thera-
peutic recommendations with different levels of certainty. Who will drive the exper-
tise in “interpretative genomics”? Some will argue that the integration of knowledge
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necessary to translate complex genomics information into credible therapeutic
options should happen at the multidisciplinary team or tumour board, and not
beforehand, by a broad group of competent individuals, and not by practitioners
who are, essentially, morphologists. In any case, in an area of medicine such as
“clinical genomics” that is currently being defined empirically, empowering cytopa-
thologists with genomic knowledge appears to be a key element for future training
programmes.

14.3 Clinical Integration: Is the Material Technically
Adequate?

Clinical integration in the post-analytical phase reviews robust quality metrics,
themselves indicative of the quality of the analysis incorporated within the pre-
analytical and analytical phases. All molecular tests therefore must undergo a rigor-
ous validation process in order to account for pre-analytical factors, which influence
the analytical. We have extended this conceptual framework to immunocytochemis-
try (ICC, [2]).

At time of writing, national endeavours to introduce robust NGS to the routine
laboratory are failing in a significant number of clinical samples for two reasons: lack
of sufficient nucleic acids to run a satisfactory test (quantity) and suboptimal preser-
vation of the sample (quality). The latter is translated into morphological aspects of
suboptimal cytological integrity (preprocessing ischaemia time, suboptimal fixation,
etc.). The former simply relates to the number of cells available for testing.

14.3.1 Total Cellularity

Total cellularity—an assessment of cellularity, irrespective of cell type as all con-
tribute to the total DNA (or RNA) yield. Sensitive single gene QPCR tests can man-
age with yields of as low as 2 ng, whereas routine NGS chemistries for targeted
sequencing can manage with 10 ng, and for some NGS platforms, a minimum of
20 ng may be required. Of course, this also depends on the means of yield assess-
ment; NanoDrop technology will detect not only single intact DNA but also double-
strand fragments, whereas technologies such as QUBIT are more single strand
DNA specific, the latter methodology being used for NGS platforms.

The practical translation of this is clear; extractions of samples with numbers of
cells in the low hundreds assessed by sensitive technologies such as QUBIT are
likely to provide a large number of fails in NGS testing. The determination of mini-
mum cellularity for successful NGS library preparation will, therefore, depend on
the many factors outlined above.

How many cells are necessary to be truly representative of a cancer in a cytol-
ogy specimen? Unfortunately the answer is not simple and would depend on many
factors: the type of test, the percentage of tumour cells in the overall sample cel-
lularity, the sensitivity of the test and the expected “hit rate” (i.e. the percentage
of positive malignant). The issue of total cellularity, therefore, surfaces again,
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where knowledge of the total cells within a sample is relevant to what we call
“therapeutic immunocytochemistry”. There is a clear need for a precise assess-
ment of the total cells. Indeed tests such as for PDL1 clearly specify the minimum
requirement of 100 malignant cells to generate a confident report (Dako PDLI1
training data).

14.3.2 Percentage of Malignant Cells

Percentage of malignant cells—the lower limit of detection as stated in our molecu-
lar diagnostic tests is a definition of the lowest malignant cell content in a back-
ground of wild-type content. In order to understand the context of a “no mutation
detected” result, we cite this lower limit of detection as part of the clinical report.
The lower limit of detection is dependent upon the type of platform used, the detec-
tion chemistry in the case of ICC or the number of cycles used in any PCR amplifi-
cation step ahead of NGS library preparation. Examples include that of microsatellite
instability analysis requiring as much as 30% malignant cell content [3] down to 2%
for some NGS sequencing methods [4].

In cytology samples this is made more difficult as, traditionally, cytopathologists
are able to recognise a population that is “unequivocally malignant”, a population
“unequivocally benign” and an “atypical” cellular component. Indeed, when an
accurate percentage of “positive malignant cells” is the goal, and, therefore, an
accurate perception of all the malignant cells in the cytology sample is necessary,
our experience has shown that reviewing IHC results of markers such as TTF1 in
lung cytopathology ahead of percentage malignant cell estimates may be crucial for
an accurate calculation. Such reviews, therefore, form a key component in crafting
the final molecular report and stating with confidence when a test is truly detecting
no mutation and when the result may represent a borderline value. Better sampling
would improve the confidence by which it is achieved should the opportunity and
clinical utility arise.

14.3.3 Certainties in the Original Cytopathological Diagnosis

Certainties in the original cytopathological diagnosis—this can be subdivided
into two assumptions: (a) the diagnosis is correct; and (b) the material submitted
(perhaps further sections from a cell block) is representative of the sample that
generated the original diagnosis. This is where a hybrid type of cytopathologist
is required, where the cytopathologist with the relevant experience and knowl-
edge can truly integrate the technological, morphological and associated pre-
analytical and analytical metrics to form the robust clinical report molecular
pathology required today. In the absence of these individuals, reliance must con-
tinue on the essential cooperation between cytopathologists and molecular
diagnosticians.
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14.4 Where Training Is the Solution

We therefore propose that the integrator of the molecular report should be a trained
integrator. This may be a morphological cellular pathologist, trained in the tech-
nologies used and the sometimes complex genomic interpretation of the results and
fully conversant with pre-analytical and analytical factors contributing to the result.
We have proposed the “Belfast model” for pathology trainees where consolidation
of knowledge regarding molecular biology throughout the training period with its
application to current diagnostic molecular pathology practice is key to the develop-
ment of a cellular pathologist, competent to integrate morphological with the
molecular [5]. Such a basic knowledge-led curriculum is aimed at trainees in their
first 2 years of training which in the UK and will prepare them for the first part of
the Royal College of Pathologists (RCPath) examination. This allows the candidate
to demonstrate theoretical knowledge underpinning molecular diagnostics.
Interactive educational sessions are led by the academic lead and other members of
the molecular pathology team. Specialist elements involve laboratory accreditation,
test validation, digital pathology, new and emerging technologies and tests, research
ethics and governance.

By extending training periods, trainees undertake an aspect of original research
and take responsibility for their own learning, within the framework of managing
their time between assessing and annotating samples, assessing diagnostic cases
and working on the research project.

A period of sub-specialisation is offered upon the trainee’s successful comple-
tion of the second part of the RCPath examination. This is a period of focus on
independent reporting and professional development, which may take the form of
molecular diagnostic test sign-out, participation in the development and/or valida-
tion of new tests, the management of the laboratory and training junior trainees in
their first stage of molecular diagnostic training as outlined above. This gives the
trainee the unique opportunity amongst their peers where training is within a frame-
work of current practice and future practice in molecular pathology. Alternatively,
the trainee may undertake a “super-specialty”, gaining experience and competence
in both the classic morphological aspects and the relevant molecular tests for an
organ or system. An academic pathway may also be cultivated by the trainee through
the uptake of extending their original research and within their current training,
exploring whether or not a higher academic qualification may be desirable.

A key element in the delivery of such a training programme is the need for close
working relationships between the clinical environment and the academic world.
We would argue that such healthcare-academic coalitions are ideally placed to pro-
vide the technical expertise and clinical trial experience sometimes essential at the
forefront of molecular diagnostic development; this liaison is also key for access to
samples and clinical information, which is the backbone of academic translational
medicine. The need, therefore, is for both to work together and in so doing, provide
a hybrid approach which can deliver a model such as outlined here for training the
future pathologist.
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Through this model, the training is incorporated within the current curriculum as
far as possible and seeks to provide a trained cellular pathologist capable of integrat-
ing the morphological with the molecular, understanding the limitations of both
disciplines and translating this knowledge into a comprehensive morpho-molecular
report.

14.5 Where There Is a Minimal Report Content

Minimum reporting guidelines, often translated into reporting templates or “LIMS
canned texts”, are usually adopted by accredited laboratories, often following the
feedback of organisations such as UKNEQAS Molgen (minimum clinical report
content). Taking all into account, therefore, one can derive some basic rules to clini-
cal molecular pathology reporting as a guide to the cellular pathologist integrator.

A clinical report which integrates morphology with molecular diagnostics would
consist of the following constituent properties: those required for patient identifica-
tion such as a minimum number of patient identifiers, those for clerical functionality
such as page numbering, those for clinical context of both the request and report,
those for technical context in which the result may be understood and those for
incidental findings which may occur due to multigene testing.

There should be a minimum of two unique patient identifiers plus a unique labo-
ratory identifier clearly at the top or bottom of each report pages, each of which is
numbered sequentially. The results should be stated in a brief manner. The remain-
der of the body of the report should then place in context these results. There should
be an integration of the molecular results with clinical context in which the request
is made. In the example of the report in Fig. 14.1, the report examples the results
from a lung adenocarcinoma. We state that the malignant cells showed immunore-
activity for TTFI and napsin A and as such an adenocarcinoma and should be tested
for EGFR mutations. We reflex test for ALK translocations and PDLI protein
expression. Some laboratories add tests for ROS/ translocations. A description of
the procedure used highlights the malignant cell content as a percentage of neoplas-
tic cells which formed the test material for DNA extraction, what tests were applied
and what regions were tested. Finally, limits of the test are identified in the lower
limit of detection and test sensitivity. A clinical comment puts in context the find-
ings and the impact of the result on potential therapy. A signature and date of the
reporting team are included. Many formats are available, but following these basic
rules such as the above and using HGVS nomenclature of specified variants leads to
a more coherent report which can be understood by different centres.

In this example, we see how the cellular pathologist can directly input their mor-
phological experience in not only placing in context the request for testing but also
in the assessment of malignant cell content as described in Sect. 14.3.2.

Moving onto the report for the NGS result, the same rules apply with the addition
of total cell input as described in Sects. 14.3.1 and 14.3.2. There is a temptation to
describe the test in full, but it should be remembered that clinical colleagues require
the result and a statement by which they can gain confidence in the integrity of the
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Patient Name: Hospital Number:

Date of Birth: Gender:

CLINICAL HISTORY:

Pleural effusion showing malignant cells positive for TTF1 and Napsin A (C/R Report# and block
identifier and if appropriate: cell block).

TEST RESULTS:

The specimen was representative of tumour, containing approximately 35% neoplastic nuclei.
EGFR Exon 19 deletion detected

ALK overexpression not detected

PDL1 protein detected of equal to or greater than 50% of malignant epithelial cells
CLINICAL COMMENT:

An EGFR exon 19 deletion was DETECTED.

This patient may benefit from EGFR TKi treatment. In particular, there is clinical evidence that
tumours carrying exon 19 deletions are particularly sensitive to EGFR TKi treatment in the first line
setting.

No evidence of an ALK protein overexpression was observed. Current clinical evidence does not
support the use of ALK inhibitor treatment in ALK-negative tumours

PD-L1 protein expression of equal to or greater than 50% detected. This result indicates that this
patient may benefit from anti-PDL1 therapy in either a first or second line setting.

TEST DETAILS:

DNA was extracted using the cobas® DNA extraction kit (Roche). Mutation testing was conducted
using cobas® 4800 Real-Time PCR (Roche)

EGFR: The cobas® EGFR mutation test v2 detects >95% of commonly occurring mutations in
EGFRexons 18, 19, 20 and 21 with a limit of detection of 5%. This test may not distinguish
between specific sequence variants within some exons or codons [reference cDNA sequence:
NM_005228.4].

ALKIHC and FISH: ALK fusion protein overexpression tested using antibody (D5F3 clone) from
Ventana. FISH for ALK gene rearrangement testing conducted in positive or equivocal IHC cases
using Abbot Vysis ALK Dual Colour Breakapart FISH probe ALK rearrangement cut off >15%

positive tumour cells for FISH * there may be other indicators of response to ALK inhibitors such as
translocations involving the ROS1 gene.

PDL1IHC: PDL1 protein tested using antibody (SP263 clone) from Ventana.
Signed: Date:

Fig. 14.1 [llustration of the minimum content for a molecular cytopathology report, which inte-
grates clinical context of both the request and result. Note that we have included clinical comment
impact statements on EGFR, ALK and PDLI as these, at the time of writing, are standard of care
target genes

result to begin treatment. Some laboratories provide web links to describe in full
their tests, reserving the space available in the report for the clinical relevance and
briefly describing the limitations of the test and how the metrics stated ensure that
(a) aresult describing the absence of a detectable mutation can be trusted and (b) the
result describing an actionable mutation detected can be actioned. Such parameters
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are dealt with in detail elsewhere in pre-analytical and analytical reporting and mea-
surement of uncertainty principles [6].
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