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ABSTRACT

In just over a decade the outlook for patients with melanoma, particularly those with metastatic
disease, has radically altered due to a comprehensive understanding of melanoma’s genomic
topography and the development of effective targeted and immune-based treatments.??
Foundations of this progress were laid by pathological observations of “fatal black tumours with
metastases” that span centuries.*® In the current ‘molecular era’, assessment of tissue specimens
by pathologists continues to be central to understanding primary and metastatic melanoma and

guiding management.

The humble light-microscopic evaluation of morphological features such as Breslow/tumour
thickness, which is derived from observations that melanoma progression is a function of tissue
depth of invasion, remains critical to prognostic estimates and surgical decision making, even in the
face of advanced genomic data.”*® There is, however, a lack of rigorous study of variation of all

prognostic parameters across tissue levels and features of residual disease in surgical beds.

At the other end of the spectrum, pathologists are faced with the promise, and challenges, of
integrating novel complex genomic data with morphology to improve the diagnosis of melanocytic
lesions. Such techniques offer a chance to improve over-diagnosis, under-diagnosis and
misdiagnosis of melanoma and other similar tumours that exist in daily practice, including benign
versus malignant melanocytic lesions, and melanoma versus tumours of other histogenesis. To
grasp the potential of molecular data to improve the diagnosis of ambiguous lesions, there is a
need to understand the sensitivity and specificity of these tests, interpreted in the context of

clinical and pathological data.
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Finally, as promising oncogenic therapeutic targets continue to be identified, pathologists will play
an increasing role in the use of tissue to guide treatment selection and its effectiveness. An
understanding of the biological and quality aspects of emergent predictive biomarkers will be key
to ensure patient tissues are used appropriately for such purposes and will ultimately influence

patient outcomes.

The ensuing body of work evaluates novel aspects of both established techniques and evolving

technologies in the pathological evaluation of melanoma in our molecular era.

(Characters: 2000, limit 2000)
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“As to the remote and exciting causes of melanosis, we are quite in the dark, nor can more be said
of the methodus medendi. We are hence forced to confess the incompetency of our knowledge of
the disease under consideration, and to leave to future investigators the merit of revealing the laws
which govern its origin and progress....and pointing out the means by which its ravages may be

prevented or repressed.”

- Thomas Fawdington, The Manchester Royal Infirmary, 1826.%
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GENERAL INTRODUCTION

CHAPTER 1: OUTLINE AND AIMS OF THESIS

The outlook for patients with melanoma, particularly those with metastatic disease, has changed
radically since two landmark drug therapies burst on to the scene in 2011, paving the way for an
expanding repertoire of highly effective targeted and immune-based treatments.?® The integration of
clinical and pathological features determined by anatomical pathologists, trained in the art and
science of observing the facets of melanoma morphology in tissue samples over time, has been
fundamental to our understanding of the biological basis of melanoma, which has in turn paved the

way for the profound advancements in treatment for melanoma patients.!

However, many aspects of melanoma pathological assessment continue to be difficult and subjective.
Diagnostic certainty is prone to differences in opinion between pathologists, which is exacerbated for
certain types of melanocytic lesion where there is a lack of clear diagnostic criteria.’? There is an
enduring need to improve objectivity in the pathological evaluation of melanoma and melanoma-like
lesions in day-to-day practice; understanding correlations between clinical, pathological and genomic
information is important to achieving to this outcome. Critical inquiry into how novel genomic
information should be integrated into the clinicopathological evaluation of melanoma and
melanoma-like lesions, alongside the re-appraisal of some established processes in daily pathology

practice of these lesions, are the principal subjects of this thesis.

Pathologists have been firmly practicing in the era of molecular medicine for more than a decade, yet
there is still much to be learned about the integration of molecular data into the diagnosis of
melanoma.®® The need for a better understanding of the utility and limitations of integrating genomic
information with clinical and pathological features is even more urgent as the era of artificial
intelligence (Al) begins to boom, and there already exists proof of principle for convolutional neural

networks to be trained on digitised haematoxylin and eosin (H&E) slides.’* But as data scientists



continue to discover, machine learning systems are contingent on the quality of the data on which
they are trained.™ Al systems will certainly not be immune to the problems of diagnostic error,
diagnostic uncertainty and overdiagnosis if these issues continue to exist in regular histopathology
practice and Al algorithms are trained on such data,*? so it is crucial that pathological assessment

continues to be verified for accuracy and validity in real-world settings.

The chapters presented in this thesis, therefore, focus on exploring quality issues of various
instruments drawn from all compartments of the pathologist’s toolkit. We methodically evaluate
several time-honoured light microscope techniques; provide an evidence basis for the integration of
molecular techniques into the assessment of a range of oft-encountered challenging melanocytic
tumours and their mimics; and critically appraise biomarker expression relevant to the burgeoning

field of targeted therapeutics (theragnostics) in melanoma.

The introductory literature review presented in Chapter 2 “A review of key biological and molecular
events underpinning transformation of melanocytes to primary and metastatic melanoma”
summarises contemporary knowledge of the molecular landscape for benign and malignant
melanocytic tumours and discusses the role of genomic analysis as a potential tool for improved
diagnosis, estimation of prognosis and management strategies. A sound understanding of the
biological and molecular actions that transform normal melanocytes into their neoplastic
counterparts (melanomagenesis) sets the stage for the practical works presented in subsequent

chapters, the relevant contextual backgrounds for which are summarised below.

Re-appraising established practices in melanoma pathology

Tracking alongside improved community awareness and more prevalent skin checks across the
population, Australia’s age-standardised incidence of new cases of cutaneous melanoma has more
than doubled in the last 4 decades, rising from 30 cases per 100,000 persons in 1982 to 65 per
100,000 in 2019.% This phenomenon is replicated, to varying extents, in hations with predominantly

fair-skinned populations of European descent and high cumulative sun exposure, which has in turn



led to a substantial increase in melanoma specimens across the global pathology workforce.'” The
studies presented in Chapters 3 and 4 aim to update pathologists on several practical aspects to
improve melanoma evaluation, the latter being performed, at scale, every day across the world, for

which there is a surprising paucity of contemporary, and historic, literature.

In Chapter 3 “Evaluation of multiple tissue levels frequently upstages patients with clinically
localised thin primary cutaneous melanoma”, we appraise the variability of the primary
histopathological prognostic determinants of a cutaneous melanoma that occurs when increased
tissue levels are taken at regular intervals. Nearly 60 years after Clark, McGovern and Breslow first
predicted melanoma behaviour as a function of tumour size and phase of invasion,”®® and despite
the discovery of vast genomic information since,® histopathological assessment of a primary
melanoma remains the cornerstone of prognostic assessment and directs surgical management.**°
Breslow thickness, ulceration status and microsatellitosis are key prognostic determinants in the 8"
edition of the AJCC Cancer Staging Manual (AJCC),® and despite their statistical importance derived
from large datasets, very little work has actually been done to evaluate the variance of these
parameters at an individual patient level.2%2! In our study, we examined additional tissue levels in 100
um increments with the aim to understand the frequency of upstaging of a patients’ primary
melanoma due to changes in these prognostic parameters. As the first study to consider all AJCC
prognostic features in a single undertaking, this work is of importance because it provides
information to help pathologists make decisions about the value of obtaining and assessing
additional tissue levels at a very practical level, particularly when dealing with thin melanomas. This
work is also relevant at a time where increasing resources are being directed to molecular and Al
processes to stratify prognosis of thin melanomas (thickness <1 mm) beyond the AJCC 8™ edition
prognostic estimates.???3 The heterogeneity of prognostic parameters documented in our study
suggest that under-staging of some patients occurs, and our findings may provide a relatively simple

explanation to account for at least some of the ‘bad behaving’ thin melanomas.?*?>



Our study in Chapter 4 “Residual melanoma in wide local excision specimens after ‘complete’
excision of primary cutaneous in situ and invasive melanomas” looks at the prevalence and
clinicopathological features of melanoma persisting in the primary tumour bed. Wide local excision
(WLE) is the standard definitive surgical treatment for patients with biopsy-proven melanoma, which
aims to achieve adequate clearance margins around all in situ and invasive melanoma components,
as well as any melanoma cells that might have spread beyond the primary tumour bed into
surrounding skin and subcutaneous tissues.'® By this theory and practice, surgery remains a stalwart
of primary melanoma treatment, offering a potentially curative treatment.'® The histopathological
assessment of WLE specimens generated from surgical treatment is proportional to melanoma
incidence, and therefore this test also represents a significant workload in pathology laboratories. In
recent years, however, the need for current WLE margins has been questioned, with the concept of
de-escalation of margin clearance gaining traction.?® In our large cohort study of 640 patients, we
aimed to determine the frequency of ‘residual’ melanoma occurring in WLE specimens after
complete excision biopsy (CEB), and any clinical and pathological features associated with residual
disease. The results of this study are important because they contribute to a better understanding of
the relevance of residual melanoma in WLE specimens at a time when changes to the historical

surgical treatment standard are being considered.

Evaluating applications of emergent technologies in melanoma pathology

In Chapters 5-7, we look at the role of molecular testing in the differential diagnosis of melanoma for
a range of challenging cases and scenarios, including when benign mimics and tumours of a different
histogenesis enter the picture. Accurately distinguishing a melanoma from benign and malignant
mimics is a persisting diagnostic challenge for pathologists, including melanoma experts, with a host
of tumours (both melanocytic and non-melanocytic) potentially requiring consideration. Studies
designed to address issues of over- and under-diagnosis of melanoma are highly desirable because

incorrect diagnosis can cause patient harm, often alters patient management and is costly to



healthcare systems.'? The studies in this section are therefore unified by the aim of gaining a better
understanding of how genomic ancillary information can practically assist pathologists, clinicians and

patients in accurate diagnosis.

In Chapter 5 “Molecular analysis of cutaneous sarcomatoid neoplasms frequently identifies
melanoma driver variants”, we look at the role of molecular testing for the express purpose of
recognising undifferentiated and dedifferentiated melanoma (UM/DM) from other sarcomatoid
primary cutaneous neoplasms, such as atypical fibroxanthoma (AFX) and pleomorphic dermal
sarcoma (PDS). These tumours frequently present a diagnostic dilemma to pathologists due to
clinical and morphological overlap, so assessment requires careful correlation of clinicopathological
and molecular features.?’”-?® Based on the concept of defining a melanoma by the presence of a

19,28,29we

classical MAPK pathway driver variant, the validity of which we discuss in our paper,
hypothesised that a subset of patients with an immunohistologically unclassifiable cutaneous tumour
might be re-classified as UM or DM after genomic testing, and aimed to understand the demographic
and pathological features of such tumours. This work is of importance because it highlights how
molecular testing of non-specific primary cutaneous sarcomatoid neoplasms has the potential to

improve the detection of UM and DM, thereby opening-up alternative management pathways for

some patients.

Not only does molecular testing have the potential to assist the diagnosis of cutaneous lesions of
different histogeneses, it is also increasingly being used to improve the diagnosis of ambiguous
lesions within the melanocytic lineage. In Chapter 6 “Molecular profiling of noncoding mutations
distinguishes naevoid melanomas from mitotically active nevi in pregnancy”, we turn our attention
to a common diagnostic dilemma between two types of challenging melanocytic lesions, namely
naevoid melanoma (NM) and mitotically active naevi of pregnancy (MANP). NMs are subtle
melanomas that morphologically simulate naevi and are therefore prone to under-diagnosis in both

clinical and histopathological practice.?® There is value in directly comparing the molecular features



of these tumours to mitotically naevi, which conversely are prone to over-diagnosis as melanoma.3!
In this study, we molecularly profile a cohort of NMs and MANPs to understand the variety of
hotspot variants and noncoding mutations harboured by these tumours. Our work is one of the first
studies to consider the role of molecular testing for an oft-recurring diagnostic dilemma,3? and has

relevance for the issue of over- and under-diagnosis in melanoma dermatopathology.

In Chapter 7 “Extraenteric gastrointestinal neuroectodermal tumour masquerading as mucosal
melanoma of the bronchus”, we consider the concept of melanoma mimicry beyond the skin in
unusual clinical settings. By presenting the molecular findings of a rare tumour with EWSR1::CREB1
fusion that mimicked primary bronchial melanoma, we discuss the parallels between bona fide
melanoma and melanoma-like tumours at rare and unusual locations, which are increasingly being
discerned by molecular phenotypes.®® This case is supported by a review of the literature in a
published textbook chapter on the rare “Primary melanoma of the lung”, the very occurrence of

which continues to be debated, particularly in our modern molecular era.

While the successes of currently available molecularly targeted and immune-based therapies have
been remarkable, durable responses are not ubiquitous and there is still an impetus to develop new
melanoma treatments. In the final section of this thesis, Chapter 8 “Assessment of intrapatient
intertumoural heterogeneity of PRAME immunohistochemistry expression in melanoma”, we
evaluate a transcriptional protein that has recently emerged as a potential ‘theragnostic’ target in
melanoma.3*353¢ The significance of this study lies in the fact that heterogeneity in PRAME
expression could have implications for trial design and future clinical practice with regards to PRAME-
directed therapies, and studies on inter-tumoural concordance of PRAME expression are currently
lacking. We sought to examine the intra-patient inter-tumoural concordance of PRAME expression by
immunohistochemistry (IHC) among a cohort of patients with multiple matched primary and
metastatic melanoma tumour samples from individual patients. In looking at 94 melanoma

specimens from 38 patients, we aimed to understand the degree of variability of expression of



PRAME IHC across combinations of matched primary, locoregional metastases and distant
metastases, and determine what factors, if any, might contribute to heterogeneity. This study
provides the first evidence of how PRAME expression varies across tumour samples and discusses
how this phenomenon is potentially a function of inherent biological changes, but for which

specimen quality may also play a part.

Finally, Chapter 9 summarises all our results in the context of broader research across the field. We
discuss the ways our findings impact current practice and how they might help to shape melanoma

discovery into the future.



GENERAL INTRODUCTION

CHAPTER 2: LITERATURE REVIEW

The following literature review summarises our contemporary understanding of the molecular events
that occur in the development of benign and malignant melanocytic tumours. It provides context for

the role of genomic analysis in current diagnostic practice, estimation of prognosis and management

strategies. This literature review outlines the foundational knowledge that underpins the practical

works presented in subsequent chapters.



cancers m\py

Review

A Review of Key Biological and Molecular Events
Underpinning Transformation of Melanocytes to
Primary and Metastatic Melanoma

Louise A. Jackett 123400 and Richard A. Scolyer 123*

1
2
3

Melanoma Institute Australia, 2065 Sydney, Australia; ljackett@gmail.com

Sydney Medical School, The University of Sydney, 2050 Sydney, Australia

Department of Tissue Pathology and Diagnostic Oncology, Royal Prince Alfred Hospital, 2050 Sydney,
Australia

Department of Anatomical Pathology, Austin Hospital, 3084 Melbourne, Australia

*  Correspondence: Richard.Scolyer@health.nsw.gov.au; Tel.: +61-299117200; Fax: +61-299549290

check for
Received: 3 October 2019; Accepted: 12 December 2019; Published: 17 December 2019 updates

Abstract: Melanoma is a major public health concern that is responsible for significant morbidity and
mortality, particularly in countries such as New Zealand and Australia where it is the commonest cause
of cancer death in young adults. Until recently, there were no effective drug therapies for patients
with advanced melanoma however significant advances in our understanding of the biological
and molecular basis of melanoma in recent decades have led to the development of revolutionary
treatments, including targeted molecular therapy and immunotherapy. This review summarizes
our current understanding of the key events in the pathway of melanomagenesis and discusses the
role of genomic analysis as a potential tool for improved diagnostic evaluation, prognostication and
treatment strategies. Ultimately, it is hoped that a continued deeper understanding of the mechanisms
of melanomagenesis will lead to the development of even more effective treatments that continue to
provide better outcomes for patients with melanoma.

Keywords: diagnosis; melanoma; metastasis; pathology; progression; treatment; melanomagenesis

1. Introduction

Melanoma, a malignancy of the pigment-producing cells of the skin, is a major public health
problem in most Western countries, where there is a predominance of Caucasians living in temperate
climates. Despite awareness that most cutaneous melanomas are caused by ultraviolet (UV) irradiation
from sun exposure and public health campaigns to promote “sun smart” behavior, the incidence of
the disease has been steadily rising for many decades [1]. In Australia, melanoma is the third most
common cancer in men and women and both the commonest cancer and commonest cause of cancer
death in young adults [1]. Until recently, there were no effective drug therapies for treating patients
with advanced melanoma and most patients with melanoma brain metastases would die within a
few months [2]. However, over the past decade, a greater understanding of the molecular basis of
melanoma disease pathogenesis and the immune system has led to the development of two new types
of drug therapy, molecular targeted therapies and immunotherapies, the latter exerting its effect by
harnessing the body’s own immune system to fight the cancer [3]. These therapies have transformed
the previously dismal outlook for advanced stage melanoma patients and are now also having a major
impact in the management of many other cancer types. Indeed, immunotherapy has been described as
cancer’s “penicillin moment”. Melanoma develops from the accumulation of heterogeneous molecular
events that have been characterized over recent decades through epidemiological, clinical, pathological
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and genetic studies [4,5]. The key mutational events, for which ultraviolet irradiation is frequently
implicated as a triggering factor, are multifactorial and complex [6,7].

Melanomagenesis was historically conceived to occur in a serial linear model, starting with benign
precursors, then moving through ‘intermediate” lesions, eventually leading to malignant tumors with
metastatic potential [4]. However, recent evidence suggests that not only are there multiple pathways
by which a melanocyte may transform to a melanoma but also that some of the intermediate steps
may be bypassed and that other non-linear biopathways exist [6]. Experimental studies have begun to
unravel the aberrant mechanisms that promote melanoma progression and metastasis, including the
factors involved in the dysregulation of melanocyte proliferation, impairment of the immune system,
and extrinsic agents in the tumor microenvironment that promote primary and metastatic growth
(Figure 1) [7]. Accurate biological models of these processes must reflect the great temporal and spatial
diversity of the clinical patterns of the disease.

Recently, genetic studies have advanced our understanding of the molecular drivers behind the
biological steps of melanomagenesis. Fundamentally, the mitogen-activated protein kinase (MAPK)
signaling pathway plays a central role in the development of the vast majority of benign nevi and
cutaneous melanomas [8,9]. A single driver mutation of the oncogenes BRAF or NRAS is a foundation
genetic event that activates the MAPK signaling pathway to trigger melanocyte proliferation in
approximately 60% of cases [9]. Most of the resulting tumors are benign and remain stable, kept in
check by senescence due to functioning tumor suppressor genes [10]. A subset, however, acquire
additional molecular alterations such as oncogenic driver mutations and copy number variations that
alter tumor suppressor gene regulation [11-13]. These events may result in ‘borderline’ or ‘intermediate
lesions which can mimic melanoma or be precursors of malignant transformation. Ultimately, the
hallmarks of fully developed melanoma are the complete loss of tumor suppressor gene function
and other mechanisms which confer traits for invasion and metastasis [14-16]. In turn, metastatic
melanoma may acquire additional mutations that impart treatment resistance to molecularly targeted
therapies and immunological agents [17-20].

7

This review summarizes our current understanding of the biological processes and molecular
events in the pathway of melanomagenesis (Figure 1) and discusses the role of genomic analysis as a
potential tool for improved diagnostic evaluation, prognostication and treatment strategies. Ultimately,
such an understanding will lead to improved outcomes for melanoma patients.

The authors acknowledge that a comprehensive review of the histopathological diagnosis of
melanocytic lesions is beyond the scope of this review and readers are referred to excellent textbooks
on this subject [21-23].
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Figure 1. Key phenotypic and molecular events in melanoma pathogenesis and progression. Readers are referred to the text for in depth discussion of each event.
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2. Melanocytes in Normal Skin and Early Melanocytic Proliferations

Normal cutaneous melanocytes reside as inconspicuous cells along the basal epidermis, the
superficial layer of the skin. Melanocytes possess dendritic processes that provide points of contact
with the cell membranes of neighboring keratinocytes, by which the transfer of photoprotective
melanin pigment is facilitated [24]. Normal melanocytes maintain uniform cell density relative to other
melanocytes and the alteration of this density-dependent regulation is a key developmental event that
allows the clustering of proliferating melanocytes in benign nevi and the radial and vertical growth
phases of melanoma [25,26].

Melanocytic hyperplasia in the epidermis at the edges of lentigo maligna (a type of melanoma in
situ occurring on chronically sun damaged skin) is a commonly observed histological phenomenon
that is a manifestation of a dysregulated single cell microenvironment and may account for the risk of
local recurrence after incomplete wide local excision of melanoma (Figure 2A) [27,28]. However, little is
known about the mutational burden of individual melanocytes in sun-damaged skin. Genomic studies
have demonstrated an array of various mutations in chronically sun-exposed skin, most of which are
likely to be localized to keratinocytes, but it has been postulated that individual native melanocytes may
also acquire high mutation burdens [29,30]. In acral skin, multiple gene amplifications (particularly
cyclinD1) have been detected among native basal melanocytes in the background skin adjacent to acral
melanomas, suggesting that single melanocytes have the ability to accumulate an oncogenic ‘field
effect’ independent of being part of a nevus or melanoma in situ (Figure 2B) [31].

Figure 2. Background skin adjacent to melanomas (haematoxylin and eosin (H&E) images).
(A) Melanocytic hyperplasia (arrows) in chronically sun damaged skin adjacent to lentigo maligna is a
manifestation of a dysregulated single cell microenvironment. Various mutations have been identified
in this background skin, many of which are attributed to keratinocytes, but native melanocytes are also
postulated to acquire a high mutational burden. (B) CyclinD1 amplifications have been detected in

melanocytes in epidermis adjacent to acral melanomas (open arrow).
3. Nevi

Nevi are benign clonal proliferations of melanocytes that rest in a state of senescence [32]. They
are the most prevalent tumor among humans and are classified into several subtypes based on their
clinical and pathological characteristics, the commonest being the common acquired nevus. Other
commonly occurring subtypes include the congenital nevus, blue nevus and Spitz nevus (Figure 3).
There are observed epidemiological and biological differences among the different subtypes of nevi but
contemporary genomic data have shown that nevi are consistently characterized by a lower mutational
load than melanomas [16,30,33].
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Figure 3. Subtypes of nevi (H&E images). (A) The common acquired nevus is a stable lesion resting in
a state of senescence and the vast majority possess a low mutational burden. (B) Blue nevus. (C) Spitz
nevus. Both blue nevi and Spitz nevi lack significant chromosomal aberrations by comparative genomic
hybridization. (D) Some Spitz nevi are associated with isolated gain of chromosome 11p and HRAS
mutations, and harbor translocations involving kinase gene fusions.

Several studies, including some utilizing whole genome sequencing techniques, have shown
that the vast majority of acquired nevi possess single driver mutations of either BRAF V600E or
NRAS Q61R/L without other somatic mutations (Figure 2) [9,34-36]. NRAS is most frequently
observed in congenital melanocytic nevi and is believed to occur in utero [34,37]. In contrast, BRAF
mutations are more commonly seen in acquired nevi, a characteristic they have in common with
many melanomas [34]. Congenital nevi, blue nevi and most Spitz nevi lack chromosomal aberrations,
as detected by comparative genomic hybridization [38]. Some Spitz nevi are associated with the
isolated gain of chromosome 11p and HRAS mutation on that arm, a unique finding that appears to set
them apart from melanomas [31]. Many Spitz nevi harbor translocations involving kinase gene fusions
involving genes such as ALK1, ROS1, RET, MET and NTRK.

As noted above, BRAF and NRAS mutations are also key drivers in many melanomas. However,
in contrast to melanomas, which acquire additional driver mutations, nevi enter a suppressive state of
replicative senescence which is regulated by the tumor suppressor gene CDKN2A via its protein p16,
and various transcriptional controls of the cell cycle [33].

Recent molecular studies have unveiled novel findings in benign nevi. Colebatch et al. profiled
14 congenital and acquired nevi by whole exome sequencing and identified subclonal TERT promoter
mutations, a finding which has not been previously observed in benign nevi [34]. They also
demonstrated a subset of nevi with high mutation loads and the UV signatures sbs 7a and 7b,
in contrast to the ubiquitous signatures 1 and 5 seen among nevi with low mutation burdens [34]. This
finding underscores earlier epidemiological observations that UV irradiation is a common risk factor
for both nevi and melanomas, and which hinted at a shared pathway of tumorigenesis caused by the
effects of solar UV [39].

The CDKN2B-CDKN2A gene cluster is commonly deleted in many types of cancer, and the tumor
promoting effects of the CDKN2A-encoded p16 and p14 (ARF) tumor suppressors are well studied in
melanocytic lesions [11,12,14,40]. The p16 (INK4A) protein binds proteins CDK4 and CDK®6, and in
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this bound state these proteins are unable to stimulate progression of the cell cycle [41]. In contrast,
the p14 (ARF) protein reduces the breakdown of p53, a protein that is a key regulator of cell division,
senescence and apoptosis [42]. Via these respective mechanisms, p16 and p14 (ARF) ultimately prevent
cell division and therefore inhibit tumor progression. The CDKN2B-encoded protein p15 is less well
studied but has been demonstrated to arrest cell proliferation in melanocytic nevi and its loss promotes
melanomagenesis [43]. Changes affecting many other genes are also common, particularly in advanced
melanoma, including ARID2, RAC1, and SF3B1, amongst many others [36].

4. Borderline Lesions

The concept of ‘borderline” or ‘intermediate’ lesions was born out of epidemiological and
histological observations of tumors with clinically unexpected behavior (such as the frequent lymph
node involvement in atypical Spitz tumors despite excellent patient outcomes, including infrequent
distant metastasis and mortality), or apparently histologically benign lesions which are associated with
an increased risk of progression to melanoma [44,45]. Consequently, the risk profile of such a lesion lies
intermediate between overtly benign nevi and unequivocally malignant melanomas. These lesions are
unified by their significant diagnostic and management challenges but are biologically heterogeneous.
Importantly, their grouping together as ‘borderline’ lesions serves as a theoretical framework for
histologic evaluation and further study rather than for nosologic purposes. Examples include dysplastic
nevi, Spitzoid neoplasms, atypical blue nevi and related neoplasms, and melanocytomas. Recent
genetic investigation has led to significant advances in our understanding of these biologically diverse
tumor groups.

The dysplastic nevus has long been recognized as a clinical marker of increased risk for cutaneous
melanoma, particularly in patients with more than 10 dysplastic nevi or the dysplastic nevus
syndrome [46]. These benign clonal proliferations of melanocytes are clinically, histologically and
biologically distinct from other nevus subtypes and have been postulated to represent an intermediate
phase between benign nevi and melanoma [16]. Indeed, the diagnostic distinction of severely dysplastic
nevus and early melanoma in situ is an enduring problem in histopathology, with well-documented
interobserver variability, even among experts (Figure 4) [47-49]. Like benign nevi, dysplastic nevi
(DN) have been shown to rest in a state of senescence and possess a significantly lower mutational
load compared to melanoma [33]. Malignant transformation is occasionally observed in DN but
requires the presence of additional alterations in the critical tumor suppressor genes [33]. Recent
studies of primary melanomas and their adjacent precursor ‘intermediate” lesions (dysplastic nevi and
melanoma in situ) using a multigene targeted sequencing platform have confirmed that DN lack any
alterations in the tumor suppressor genes CDKN2A, TP53, NF1, RAC1, and PTEN, that they have UV
signature patterns distinct from those of melanoma, and that their overall mutation burden appears
to be intermediate between benign nevi and melanoma [16,33]. However, the observation that DN
tend to harbor non-V600E BRAF and NRAS mutations suggests that there are likely to be alternative
pathways to Clark’s classically postulated model of a linear step-wise progression to melanoma [4,16].

TERT promoter mutations, which are present in up to 80% of cutaneous melanomas, have also
been observed among dysplastic nevi [16]. This finding and that of Colebatch et al. (above) has put
the concept of TERT promoter mutations as potential biomarkers for melanoma into question [34].
Nonetheless, the identification of differing mutational landscapes between nevi and melanomas does
have the potential to assist with the diagnosis of dysplastic nevi, but validation studies are still required
and this approach is currently not appropriate for the routine diagnostic work-up of ambiguous lesions.

The blue nevus spectrum of lesions includes cutaneous blue nevi, atypical blue nevi and
blue nevus-like melanomas. All are characteristically pigment-synthesizing tumors that may be
diagnostically challenging (Figure 5). Most blue nevi and related tumors harbor mutations of GNAQ
and QNA11, a characteristic they have in common with uveal melanoma [50,51]. Recently, BAP1 or
SF3B1 mutations have been found to occur alongside GNAQ and GNA11 in approximately 20% of
cases of unequivocally malignant blue nevus-like melanoma, suggesting that this is a late mutational
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event [52]. BAP1 loss of expression is a useful ancillary test to supplement histological diagnosis for
these lesions.

v A
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Figure 4. Dysplastic nevi have an overall mutational burden between that of nevi and melanoma
(H&E images). (A) Multiple dysplastic nevi, such as this example, are clinical markers of increased
risk for cutaneous melanoma and diagnosis of lesions with mild to moderate degrees of cytological
and architectural atypia (solid arrows) is relatively reproducible. (B) Lesions with histological features
between severely dysplastic nevus and melanoma in situ, such as this case with focal pagetoid spread
and lentiginous architecture (open arrows) among an otherwise nested junctional component, are
subject to interobserver and intraobserver variability, even among experts. Identification of differing
mutational profiles between dysplastic nevi and melanomas has the potential to assist in diagnosis of
these challenging lesions.

Figure 5. Blue nevi and atypical variants are characterized by GNAQ and GNA11 mutations (H&E
images). (A,B) Blue nevus. The pigmented spindle cells show minimal cytological atypia in benign
lesions. (C,D) This atypical blue nevus shows nuclear atypia, raising suspicion for malignancy but
other histological features fall short of melanoma. Recent investigations suggest that BAP1 mutation is
a late event on the pathway to malignancy among blue nevus-like lesions so BAP1 loss may be a useful
ancillary test to support a diagnosis of malignancy in ambiguous cases.
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Atypical Spitzoid tumor, a tumor of uncertain malignant potential that lies between definitely
benign Spitz nevus and melanoma, is another lesion that is molecularly complex. A characteristic of all
Spitz lesions is the presence of pathways that are distinct from conventional nevi and the majority of
cutaneous melanomas [53]. Early in development, Spitzoid tumors harbor HRAS, BRAF and BAP1
mutations (Figure 6), as well as kinase gene fusions of ALK, NTRK, RET, ROS1 and MET, and these
abnormalities explain the rapid initial growth phase so clinically characteristic of benign Spitz nevi [54].
Atypical Spitz tumors develop aberrations in tumor suppressor genes, including activation of p53 via
telomere shortening, and activation of p16 via epigenetic CDKN2A regulation. Further accumulation
of mutations involving PTEN, ARID2A and TERT appear to promote transformation to a malignant
phenotype [55].
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Figure 6. BAP1 inactivated Spitz tumor (A-C: H&E images, D: BAPT immunohistochemistry). (A) Low
power silhouette of a BAPI inactivated Spitz tumor (H&E x 12.5). (B,C) These lesions often have a
characteristic voluminous cytoplasm and a prominent lymphocytic reaction, suggesting a peculiar.
(D) Lesional melanocytes show loss of nuclear expression of BAP1. Lymphocytes serve as a positive
internal control.

Pigmented epithelioid melanocytoma (PEM) is a unique deeply pigmented dermal melanocytic
proliferation that overlaps with lesions previously described as epithelioid blue nevus of the Carney
complex and many lesions previously termed as animal type melanoma and pigment-synthesizing
melanoma [56]. Much like other borderline lesions, these tumors have a clinical behavior and risk
stratification intermediate between benign nevi and melanoma. Most of these tumors (80%) show a
loss of expression of protein kinase A regulatory subunit 1 alfa (R1alfa), an important cofactor in cyclic
adenosine monophosphate (cAMP) signaling involved in melanocyte proliferation, and a mutation
that is seen frequently among patients with Carney complex [57].

The deep penetrating nevus (DPN) and its spectrum of atypical variants are another group of
heavily pigmented melanocytic lesions that may be confused for melanoma (Figure 7). Atypical
DPNs possess some histological characteristics of melanoma but fall short of a diagnosis of overt
malignancy. DPNs and atypical DPNs are typified by gain-of-function mutations of beta-catenin and
loss of APC, both of which exert actions upon the WNT pathway [58,59]. These lesions also possess
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concurrent MAPK pathway mutations and are often observed to arise in association with conventional
nevi (combined nevi), findings which suggest that a beta-catenin mutation is an intermediate step
that transforms a conventional nevus into a DPN [60]. This mechanism is likely responsible for
the distinctive large cell size, pigmented cytoplasm and lack of maturation of DPN and atypical
variants [60]. The vast majority of atypical DPNs are clinically stable; however, malignant behavior is
occasionally seen. Indeed, the rare melanomas that share histological similarities to atypical DPNs
(termed DPN-like melanoma) also possess the same WNT pathway mutations, suggesting a continuum
of transformation [60].

Figure 7. Deep penetrating nevus (A-C: H&E images, D: HMB45 immunohistochemistry). (A) Deep
penetrating nevi are often seen in conjunction with a conventional nevus (combined nevus). (B) Both
components harbor MAPK pathway mutations but activated WNT signaling appears to drive
transformation to the deep penetrating nevus phenotype with its distinctive large cells, pigment
synthesis and lack of maturation. (C,D) In addition to the distinct genetic differences, the components
are delineated by morphology and differing HMB45 expression, with stronger labelling in the DPN
component (solid arrows) compared to the conventional nevus component (open arrows).

Genetic studies have made significant advances in unravelling many aspects of intermediate
lesions and the practical application of ancillary genetic studies has the potential to supplement
histological diagnosis, but currently many intermediate or borderline lesions present significant
diagnostic and management challenges. Appropriate communication between pathologists and
clinicians of estimated risk of aggressive behavior for these ambiguous lesions is of utmost importance.
To this end, the term ‘melanocytoma’ has been advocated by the World Health Organization to delineate
intermediate lesions with uncertain malignant potential (e.g., atypical DPN and BAPI inactivated
atypical Spitz tumors) from their clearly benign and overtly malignant counterparts [61].

5. Melanoma Arising in Chronically Sun-Damaged Skin

As discussed briefly above, multiple epidemiological and genomic studies have provided evidence
for the tumorigenic role of UV irradiation in the development of cutaneous nevi and the vast majority
of melanomas [39,62,63]. Early epidemiological observations showed that melanoma has significant



Cancers 2019, 11, 2041 10 of 21

regional variation with the highest incidences in New Zealand and Australia, is associated with
chronic sun exposure, particularly repeated intense childhood sun damage, and has a higher incidence
in individuals who use artificial UV tanning beds [39,62,63]. Genomic studies have subsequently
confirmed that melanoma is associated with a high mutational load and mutagenic UV signatures
enriched with C > T mutations consistent with the effects of ultraviolet irradiation [13,36,64,65].

The development of melanoma can be divided into the “radial growth phase” (which includes
melanoma in situ and the junctional components of invasive melanomas), the “vertical growth phase”
and metastasis (local and distant). While this model may erroneously imply a linear progression of
disease, it is still useful for conceptualizing the mechanisms of progression.

7

6. Radial Growth Phase Melanoma

The loss of contact inhibition has been shown to be an important event in vitro for controlling
cell density and is postulated to be critical in vivo to facilitate the radial growth phase of the
junctional components of melanocytic lesions, particularly early melanomas (Figure 8A) [25,66,67].
As previously noted, normal melanocytes have dendritic handles that regulate equidistant melanocyte
distribution within the basal epidermis. Loss of contact inhibition manifests histologically as lentiginous
(“back-to-back”) growth and melanocyte nests. To varying degrees, these features are present in both
benign nevi and melanoma in situ, however they are more pronounced in melanoma, manifesting
histologically as confluent lentiginous growth, variably sized nests, pagetoid spread and subepidermal
clefts [66,67].

Melanoma in situ has been conceptualized as an early melanoma confined by the epidermal
basement membrane and, as such, does not have the biological potential to metastasize once it has been
completely excised (Figure 8A) [46]. In their study of lentigo maligna cases with and without invasive
components, Moreno et al. showed that early lesions had sparse inflammation, while advanced forms
of lentigo maligna melanoma had dense lymphocytic infiltrates, suggesting the immunogenicity of
melanoma in situ is lower than that of invasive forms of this melanoma subtype [67].

TERT promoter mutations have been frequently observed in studies of melanoma in situ but,
as noted above, they have also been documented in a subset of nevi with high mutational burdens
and dysplastic nevi. TERT promoter mutations may therefore be an earlier event in the pathway to
melanoma than first thought [16,34]. In contrast, Shain et al. have shown that mutations of PTEN
and TP53 are confined to advanced melanomas, but it remains to be elucidated at which point on
the spectrum of radial to vertical growth these mutations occur. [16] They have also shown that
a minority of intermediate melanocytic lesions, and melanoma in situ, have heterozygous loss of
CDKN2A, but homozygous loss of CDKN2A was only seen in invasive melanomas [16]. Furthermore, it
is possible, and indeed likely, that such mutations do not always accumulate in a set order or sequence
during malignant transformation.
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Figure 8. Melanoma (A-D: H&E images, C: inset Sox 10 immunohistochemistry). (A) Melanoma in
situ is conceptualised as an early melanoma confined by the basement membrane. Loss of contact
inhibition is a biological event that is thought to allow the radial growth of melanocytes through the
epidermis. TERT promoter mutations are identified in melanoma in situ. (B) Nodular melanoma.
The vertical growth phase of melanoma requires the accumulation of mutations that promote tissue
invasion, tumor cell survival, mesenchymal interactions and host immune system evasion. (C and
inset) Desmoplastic melanomas, shown here with Sox 10 immunohistochemistry, frequently harbor
NF1 mutations. (D) Melanomas at sun protected sites, such as this acral melanoma, are biologically
distinct from their sun exposed counterparts due to higher frequencies of KIT mutations and multiple
gene amplifications, commonly cyclinD1.

7. Vertical Growth Phase Melanoma

Progression to invasive melanoma requires the accumulation of mutations that continue to allow
dysregulated tumor cell proliferation, promote the acquisition of tumor cell survival characteristics
and activate advantageous mesenchymal interactions, all while tumor cells evade host immune control
(Figure 8B,C) [67-76].

Mesenchymal interactions at the tumor stroma interface are key determinants of melanoma
tumor progression. The malignant stromal phenotype is characterized by protein expression that
enhances melanoma survival and progression. One of the earliest observations in melanoma was that
of mast cell recruitment to the perilesional stroma by chemotactic factors, such as IL-3, produced by
melanoma cells [68]. The subsequent release of growth factors such as the basic fibroblast growth factor
(bFGF) and the vascular endothelial growth factor (VEGF) promotes the mitotic activity of tumor cells
and tumor neovascularization [68,69]. These mechanisms are underscored by observations that the
microvasculature is more concentrated in melanomas than benign nevi, being densest among aggressive
melanomas, and that upregulation of VEGF expression, under the influence of the oncogene c-MYC,
is associated with the progression of melanoma [69-74]. Targeting angiogenesis with VEGF-blocking
agents has been an effective treatment strategy in several cancer types and its potential role in melanoma
continues to be investigated in ongoing clinical trials [75].
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Tumor-generated factors have also been shown to play a significant role in the downregulation
of protective immune system interactions. In addition to its direct angiogenic effects described
above, VEGF has been recognized as an important moderator of immune cell suppression [75]. Other
tumor-generated immunosuppressive cytokines include interleukin 10 (IL-10), which reduces the
action of melanoma-associated macrophages and lymphocytes [76]. The correlation of high IL-10
expression with melanoma progression provides further evidence that this chemokine is another
important influencer in the vertical growth phase of melanoma [76]. Additional and more in-depth
immunological interactions are discussed later.

A high expression of the proto-oncogene c-MYC has long been identified as a key factor in neoplastic
transformation for many tumor types [77]. Well-studied in melanoma, c-MYC is implicated in more
aggressive vertical growth phase melanomas and progression to metastasis [78,79]. In the appropriate
genetic and epigenetic mileu, MYC activation leads to aberrations of normal cell proliferation,
differentiation, apoptosis and senescence [80-82]. These mechanisms result in the hallmark features of
tumorigenesis such as unrestrained tumor growth and aberrant protein synthesis, and interactions with
the tumor microenvironment to influence vascular growth and dampen the normal response of the
host immune system [80]. A necessary feature for sustained and progressive melanoma growth, MYC
expression can be suppressed by treatment with BRAF/MEK inhibitors leading to tumor shrinkage,
manifesting as clinical and/or pathological response; recovery of the overexpression of MYC has been
shown to drive resistance to these treatments [18].

8. Metastatic Melanoma

Tumor metastasis is dependent on critical factors that drive tumor cell motility and dissemination
into lymphatics and vascular channels, and that facilitate tumor cell survival and proliferation at
distant sites (Figure 9A).

e
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Figure 9. Metastatic melanoma. (A) H&E x 12.5. In transit metastasis. Tumor metastasis is dependent
on critical factors that drive tumor cell motility, dissemination into angiolymphatics, and tumor cell
proliferation away from the primary site. (B) H&E x 40. Targeted therapy and immunotherapy have
heralded a revolutionary era in melanoma management. Pathological response manifests variably
as tumor cell necrosis, melanosis, lymphocytic infiltration and fibrosis, as seen in this lymph node
metastasis of melanoma after neoadjuvant therapy. Mechanisms of resistance and primary non-response
are the focus of active research.

Some of these steps are linear and predictable, such as the reproducible patterns of metastasis to
the first lymph nodes in the regional lymphatic basins which were identified in the seminal studies on
sentinel node drainage patterns [83]. However, there is evidence that dissemination of melanocytes
may also occur via alternative pathways, reflecting the temporally and spatially heterogeneous clinical
patterns of metastatic disease [84-90]. Understanding these cellular processes and the genetic events
that underpin them are essential for comprehensive knowledge of the pathogenesis of metastasis and
may also provide targets for prognostic biomarkers and therapies.
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Tumor-derived exosomes have emerged as important factors in tumor progression [15,84].
Melanoma-derived exosomes influence vascular permeability at potential metastatic sites and alter
bone marrow progenitors towards a pro-metastatic phenotype [84]. Exosomes are regulated by the RAB
family of proteins, which are highly expressed in melanoma tumor cells [84]. Guo et al. have shown
that overexpression of GTPase RAB27A alters the composition of exosomes towards a pro-invasive
phenotype, which in turn influences cancer cell movement; this finding correlates with poor survival in
a subset of melanomas [15]. Indeed, blockage of exosome contents has been postulated as a potential
therapeutic target [85].

Mouse models have shown that the microenvironment of distant sites has an important role
in determining whether disseminated tumor cells are eliminated or progress from micrometastases
to macrometastases [86]. An example of a chemokine in the microenvironment that influences
implantation and growth of metastasis is IL-10, which appears to render lymph nodes susceptible to
metastasis through its action on melanoma-associated macrophages and lymphocytes [76].

Peculiar patterns of metastasis sometimes occur that suggest there may be other parallel pathways
of progression and inherent differing affinities of tumor cells for particular distant sites. For example,
uveal melanomas, which harbor recurrent BAP1 mutations when they metastasize, have an exceptional
tendency to metastasize to the liver [87,88]. This event occurs in up to 90% of patients and may be
the only site of metastatic disease [88]. Interestingly, kinetic modelling studies have suggested that
melanoma metastasis to the liver may in fact precede the development of a detectable uveal primary
by up to 5 years [89]. Clinical knowledge that cutaneous melanomas more commonly spreads to the
lung, liver, brain and bone over other sites also hints at potential site specific factors that make certain
organs more susceptible to metastasis [90].

9. Role of the Immune System

Melanoma is one of the most immunogenic tumors and immunogenicity has been observed to
occur prior to the development of invasion [67]. In circumstances of optimal host immunosurveillance,
melanoma encounters an early innate immune response that is mediated by interplay of macrophages,
granulocytes, dendritic cells and natural killer cells [91,92]. Subsequent to this, the adaptive immune
system plays a central role with effector CD4 + and CD8 + T-cells targeting melanoma cells through the
actions of interferon-gamma (IFN-y) or direct cytotoxic interactions [93]. When these mechanisms are
appropriately activated, the elimination of the melanoma tumor occurs. However, many melanomas
evade these checks and balances and continue to proliferate in an unregulated manner. Considerable
effort is currently being dedicated to investigating these processes. Some of the most important
mechanisms to have emerged relate to the actions that suppress T-cell function. For example, mutations
in MHC class 1 may cause lymphocytes to be ineffective in recognizing melanoma cells [94]. Mutations
in CTLA4, PD1 and LAG3 may upregulate immune checkpoints, thereby inhibiting T-cell function [95].
Similarly, the upregulation of ligands PDL1 and PDL2 or the overactivity of regulatory T cells are
other key influences of effector T cells [96]. Importantly, these actions can be exploited by novel
immunotherapies (discussed later).

The innate immune system also plays a key role in antitumoral immune surveillance and responses.
It affects development and growth of melanomas through the release of pro- and anti-inflammatory
cytokines and growth factors. Cross-talk between components of the innate and adaptive immune
systems, and between immune cells and tumor cells, plays a critical role in tumor maintenance and
progression [91,92].

There are important differences in the epidemiological profiles of melanomas arising on acral
skin (the palms and soles) and at mucosal (internal body) sites, and these early observations
provided important evidence in favor of alternative non-UV triggered pathways of melanomagenesis
(Figure 1). Genomic studies have subsequently confirmed that acral and mucosal melanomas are
biologically distinct from their cutaneous counterparts at sun-exposed sites (Figure 8D). Principally,
acral and mucosal melanomas harbor a higher frequency of KIT gene mutations and multiple gene



Cancers 2019, 11, 2041 14 of 21

amplifications, most frequently of the cyclinD1 gene (Figure 1) [97]. CyclinD1 amplifications, which
are infrequent in melanomas arising on sun-exposed sites, occur early in the progression of acral and
subungual melanomas [31]. They are also detected among native basal melanocytes in background
skin immediately adjacent to acral melanomas, suggesting a ‘field effect’ that may account for
an increased risk of recurrent melanomas [31]. Furthermore, acral and mucosal melanomas are
characterized by frequent structural variants and lower numbers of point mutations compared with
cutaneous melanomas.

10. Melanoma Heterogeneity and Implications for Therapeutic Strategies

Targeted therapy against aberrant MAPK pathway signaling has heralded a revolutionary era in
melanoma resulting in significantly better anti-tumor activity and survival compared to traditional
chemotherapy (Figure 9B). BRAF-V600 mutation is a robust predictive biomarker for response to
selective kinase inhibitors, which can arrest the cell cycle and lead to reduced tumor growth. However,
patients almost universally develop resistance to BRAF-targeted therapy, usually in the first 12 months
of treatment [98]. Approximately 50% of patients treated with dabrafenib or vemurafenib develop
disease progression 6 to 7 months after starting treatment [99,100]. Multiple mechanisms of acquired
resistance in vivo have been described, including elevated expression of the kinases CRAF, COT1 or
mutant BRAF, activating mutations in N-RAS, MEK1 or AKT1, aberrant splicing of BRAF and persistent
activation of receptor tyrosine kinases, including PDGFR and IGF-1R, and activation of alternate
signaling pathways such as Notchl [20,98,101-108]. Immunotherapy is an alternative treatment
modality that harnesses the power of the host’s adaptive immune system by enhancing its own immune
surveillance capabilities. To achieve this, anti-PD-1 checkpoint therapies interrupt the PD-1/PD-L1
axis, which in turn releases its inhibitory grip on effector T cells. Disinhibited T cells are therefore
able to function against melanoma cells to eliminate the tumor [109]. This therapy has translated
into significant clinical outcomes with pathological regression and improved survival occurring in
30-40% of advanced melanoma patients [110,111]. Supplementation with antibody therapy to another
immune checkpoint inhibitor, CTLA-4, appears to further enhance clinical outcomes [112]. Responders
appear to have activated T-cell signatures with the expression of EOMES, CD69 and CD45RO [113].
Despite promising initial responses, resistance to immune therapies inevitably develops. Early research
suggests that an abundance of tumor and host factors are responsible for the varied clinical outcomes
achieved by these therapies, such as the interference of CTLA-4, by genetic defects in IFN-y, and
variations in gut microbiota [17,19,114]. Investigation into non-responders and those patients who
develop resistance is the interest of considerable active research. Combining immunotherapy with
targeted therapy may improve responses but may be associated with unacceptable toxicity [115].

11. Biomarker Assays

Knowledge of the molecular makeup of melanoma creates the potential for biomarker assays for
a range of settings, such as supplementing histological diagnosis of difficult lesions and improving the
early detection of recurrent or metastatic disease.

TERT promoter mutations have been shown to correlate with poorer outcomes in subsets of
melanoma patients with BRAF/NRAS mutations, and this may serve as a potential future biomarker.
As they are also an early event in the transformation to melanoma, they may also be a valuable
diagnostic biomarker for melanoma [116,117].

The evaluation of circulating tumor DNA (ctDNA) assays is a valuable tool for monitoring the
response to immunotherapy and appears to be more informative than radiological monitoring in
patients with extracranial stage 4 disease [118,119]. Challenges in this area include the considerable
heterogeneity among melanoma subtypes, for example the molecular differences between UV associated
cutaneous melanomas, non-V600E BRAF mutant melanomas, and acral and mucosal melanomas.
This implies that ctDNA assays may need to be personalized and targeted to the mutation profile
of an individual’s melanoma. Circulating tumor DNA does not appear to be as useful in prognostic
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modelling in earlier stage disease with current assay sensitivities but may prove to be useful when
more sensitive techniques for its detection are employed.

12. Conclusions

In summary, melanomagenesis results from the sequential accumulation of key genetic mutations.
Alterations of the oncogenes BRAF and NRAS, which act through the MAP-kinase pathway, are the
most frequent early events that drive melanocyte proliferation in both nevi and melanoma. After an
initial phase of proliferation, however, nevi rest in a state of senescence, which is influenced by the
p16 Rb pathway and transcriptional regulation of the cell cycle. Transformation to melanoma requires
additional molecular events and characteristically leads to a high mutational burden. TERT promoter
mutations appear to be an early event, while the inactivation of tumor suppressor genes, such as
PTEN, CDKN2A, NF1 or TP53, drives the later vertical growth phase of advanced melanoma. The key
molecular abnormalities that drive progression to metastasis are subjects of ongoing scientific inquiry.

The genomic study of melanocytic lesions continues to prove a powerful tool that has already
unveiled a wealth of information and has led to our current comprehensive understanding of
melanomagenesis. Continued study of the mutational landscape will continue to unveil potential
strategies for therapeutic agents. Furthermore, the observation that nevi and melanoma have low and
high mutational burdens, respectively, as well as distinctive UV signatures, has the potential to enhance
our diagnosis of histologically ambiguous lesions through the use of sequencing-based technologies.
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HISTOPATHOLOGICAL ASSESSMENT OF MELANOMA

CHAPTER 3: PROGNOSTIC FACTORS IN PRIMARY MELANOMA

Overview: Parameters such as Breslow thickness (BT), ulceration and microsatellitosis are key
prognostic determinants for primary cutaneous melanoma, and they are subject to variation
between tissue levels. There is, however, a paucity of well-designed studies looking at how these
features vary between levels, and the consequent impact on staging parameters. The hypothesis
driving the ensuing study is that there may be a subset of patients whose staging would be better
optimised if multiple levels were examined, particularly if initial Breslow thickness sits close to the
threshold of a higher stage. The performance of additional tissue levels is a simple test that is
potentially impactful and highly cost-effective in improving the staging of, and management decisions

for, patients with melanoma.

Specific aims: Our primary aim was to evaluate the variability in prognostic parameters that occur
when increased numbers of tissue levels, taken at regular intervals, are examined histopathologically
for the primary AJCC prognostic determinants. A secondary aim was to determine how many tissue

levels would optimise assessment.

Contribution to literature: This is the first study to enquire about the effect of tissue levels, in a

standardised manner, on multiple prognostic features in a single analysis.
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ABSTRACT

Background: Breslow thickness (BT), ulceration, and microsatellitosis are critical prognostic parameters for cutaneous mela-
noma staging. These parameters can vary depending on the number of tissue levels examined from individual paraffin blocks.
We sought to evaluate all prognostic histopathologic parameters in melanoma for their variations between levels, taken at regular
intervals, in a single study.

Methods: We analyzed 40 consecutive cases of primary cutaneous (nonacral) melanoma through five hematoxylin and eosin
sections, taken at 100 um intervals, for staging and prognostic parameters.

Results: Examination of additional levels resulted in (a) an increase in BT in 47.5% (19 out of 40) of cases and (b) detection of
ulceration in a further 5% (2/40). This resulted in upstaging for 20% (8 out of 40) of patients (15% because of BT, 2.5% because
of ulceration, and 2.5% because of BT and ulceration). The upstaging effect was incremental, with approximately 5% of patients
upstaged with each additional 100 um interval (up to 400 wm). Incipient ulceration and epidermal consumption were infrequent
(10% of cases); however, when present, ulceration was subsequently observed in half of cases. We encountered no cases where
microsatellitosis was detected at deeper levels.

Conclusion: The performance of additional tissue levels is a simple and inexpensive procedure that can improve the accuracy
of staging for patients with thin (pT1) primary cutaneous melanomas. It may be pertinent for pathologists to consider additional
levels for thin melanomas when a BT measurement is close to a staging threshold (e.g., within 0.1-0.3mm for pT1a vs. pT1b, or
pT1b vs. pT2a), or when incipient ulceration is encountered.

1 | Introduction (pT) stage of melanoma in the eighth edition of the AJCC Cancer

Staging Manual [2]. In addition, the presence of microsatellites
Breslow thickness (BT) is the most important prognostic param- has prognostic significance comparable to nodal basin involve-
eter in the assessment of primary cutaneous melanoma [1, 2]. ment and is now incorporated into pathological N stage [2]; in its

Taken together, BT and ulceration determine the pathological T ~ presence, melanoma is categorized as Stage II disease.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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As originally emphasized by Breslow in 1977, melanoma
tumor thickness can be spatially heterogeneous [3]. Most mac-
roscopic handling protocols, therefore, advocate that primary
melanomas are submitted for histopathologic examination in
their entirety, a process that results in tissue slices of approx-
imately 2-3mm thickness [4, 5]. Depending on the number
and depth of levels examined from such slices, a handful of
studies have shown that BT and other prognostic factors can
vary [6-11].

There is no standardized recommendation for the number or
depth of levels a pathologist should examine microscopically
when evaluating melanoma [4, 5]. It is the authors’ experience
working in several high-volume melanoma referral centers that
the number of levels evaluated varies considerably across and
within institutions. A large survey of US dermatopathology
practices also found inconsistency [12]. Standardization of the
number and depth of levels has not been addressed for the multi-
institution data sets used by AJCC [2].

Although staging systems derived from large patient data sets
can account for population variability, many of an individual
patient's melanoma prognostic parameters are reported in a bi-
nary fashion and directly determine management. Given that
vertical tumor thickness alters the primary T stage category in
increments of 0.1 mm, foci of ulceration can appear “incipient”
at the edges, and microsatellites are often submillimeter, there is
value in understanding the degree of variability that may occur
when a number of tissue levels are examined histopathologically
[2, 13-15].

Of the few studies that have formally addressed this issue, most
have been inconsistent in the distances of the intervals exam-
ined [6-11]. Most previous studies have evaluated only a single
parameter [6-11].

We evaluated the variability in prognostic parameters that oc-
curred when increased numbers of tissue levels taken at regu-
lar intervals were examined histopathologically for the primary
prognostic determinants of the AJCC stage, namely BT, ulcer-
ation, and microsatellites. We also sought to determine whether
the assessment of multiple tissue levels beyond the initial hema-
toxylin and eosin (H&E) staining is warranted, and if so, how
many levels, and at what depth, would optimize assessment. To
the best of our knowledge, this is the first study to consider vari-
ability when multiple histopathologic parameters are evaluated
in multiple histopathological tissue sections taken at regular in-
tervals in a single study.

2 | Methods

We studied 40 consecutive cases with an unequivocal diagnosis
of primary cutaneous (nonacral) melanoma treated at a major
melanoma referral center (Peter McCallum Cancer Center).
Only patients with invasive melanomas were included in this
study. Melanomas that were already maximally staged as pT4b
with microsatellites and those with clinically evident lymph
node metastases were excluded.

Specimens included all complete excision biopsies, punch biop-
sies (excisional or partial), shave biopsies (excisional or partial),
and incisional biopsies, for which the primary purpose of diag-
nosing and staging melanoma. Wide local excisions of previ-
ously biopsied invasive melanomas were excluded. Very small
biopsies with a significant risk of tissue cutting out on levels
were also excluded.

All melanomas were sliced macroscopically at 2-3mm inter-
vals, submitted in their entirety for pathological examination,
and routinely processed into formalin-fixed, paraffin-embedded
blocks. After a diagnosis of unequivocal melanoma was made
on an initial H&E-stained section, four additional sections at
100 um intervals were cut and stained.

In cases where invasive melanoma was present in multiple
blocks, additional levels were performed and evaluated on all
relevant blocks, and the highest parameters were recorded.

Age, sex, site, melanoma subtype, and biopsy modality were
recorded for each patient. The following histological param-
eters were assessed for each H&E slide: measurement of BT
(to the nearest 0.1 mm), ulceration (present, absent, or incipi-
ent), AJCC pT stage, microsatellites, lymphovascular invasion
(LVI), tumor-infiltrating lymphocytes (TILs, examined ac-
cording to ICCR recommendations), and intermediate or late
regression. The mitotic rate was performed on only one level
in an area deemed to be the tumor hotspot. BT was measured
using an ocular graticule, calibrated for 0.1 mm increments.
Microsatellites were defined according to the AJCC staging
manual (eighth edition), where consensus pathological opin-
ion was that the tumor represented a spatially distinct tumor
not separated by fibrosis or other abnormal tissue reactions.
The AJCC stage was compared between the first level and any
subsequent upgrade.

To account for intra- and inter-observer variability, cases were
evaluated with initial and repeat evaluations at least 3 months
apart (L.J.), with a second pathologist validation assessment
J.G).

3 | Results

Forty patients were analyzed. The clinicopathological param-
eters of the patients are outlined in Table 1. The majority of
patients were male (65%, 26 out of 40), and the age range was
44-92years (mean, 72years; median, 75years). Most cases were
diagnostic excision biopsies (34 out of 40, 85%) and most were
located on the head and neck (17 out of 40, 42.5%). Superficial
spreading melanoma was the most common subtype (20 out of
40; 50%).

3.1 | Breslow Thickness
On the initial level, the mean BT of all cases was 1.3mm

(0.3-4.8mm, median 0.9, Figure 1a,b). After review of addi-
tional levels, there was a change in maximum BT in 47.5% (19
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TABLE 1 | Clinicopathological characteristics of the studied 40

cases.
Characteristic No. of cases (n=40) %
Age (mean =72, median=75)
<40 0 0%
40-49 1 2.5%
50-59 5 12.5%
60-69 10 25%
70-79 10 25%
80+ 14 35%
Gender
M 26 65%
F 14 35%
Biopsy type
Excision biopsy 34 85%
Shave 2 5%
Punch biopsy 2 5%
Incisional 2 5%
Subtype
SSM 20 50%
LMM 12 30%
NM 4 10%
DM 2 5%
Not able to be 1 2.5%
determined
LMM with DM 1 2.5%
Site group
Head and neck 17 42.5%
Upper limb 10 25%
Trunk 8 20%
Lower limb 5 12.5%
Mitotic rate (per mm?)
Mean 2.8
Std. deviation 4.39
Range 0-21
Tumor infiltrating lymphocytes
Non-brisk 14 35%
Absent 9 22.5%
Brisk—ICCR pattern 1 10 25%
Brisk—ICCR pattern 2 7 18%
Intermediate or late regression
Absent 26 65%
Present—associated 9 22.5%
Present—un-associated 5 12.5%

out of 40) of the cases (Table 2, Figures 2 and 3a,b). When there
was an increase in BT from the initial levels, the change was an
average of 0.11 mm (range 0.1-0.5mm).

Of these cases, the final BT was achieved at Level 2 in five cases
(5 out of 19, 26%), Level 3 in six cases (6 out of 19, 32%), Level 4
in three cases (3 out of 19, 16%), and Level 5 in five cases (5 out
of 19, 26%).

3.2 | Ulceration

Ulceration was present in 7.5% (3 out of 40) of cases in the initial
slide review. In addition, four cases (10%) had features of incip-
ient ulceration, and the additional levels confirmed true ulcer-
ation in two of these cases (5%, Table 2, Figure 2). In one case,
the final ulceration status was observed on Level 2 (Figure 3c,d),
and the other on Level 3.

3.3 | pT Stage

In the majority of cases (32 out of 40, 80%), the pathological
stage did not change with levels beyond Level 1. However,
eight cases (8 out of 40, 20%) were upstaged after evaluating
additional levels (Tables 3 and 4). This included five cases in
which pTla was changed to pT1b, one case in which pT1b
was changed to pT2a, one case in which pT1b was changed to
pT2b, and one case in which pT2a was changed to pT2b. The
changes in parameters, and the respective levels, are outlined
in Table 4.

Changes in BT, ulceration, and final pT status were not signifi-
cantly associated with sex, melanoma subtype, site, TILs, or in-
termediate and late regression.

3.4 | Microsatellitosis

Microsatellitosis was identified in two cases (2 out of 40, 5%),
one for T2b melanoma and one for T4a melanoma, but this was
present at all levels examined. There were no cases in which
convincing microsatellitosis was identified by studying the ad-
ditional levels.

We noted that for one case (2.5%), a pT4b melanoma, we found
a small deposit of melanoma associated with a lymphoid aggre-
gate in the subcutis at Level 2, which appeared to be physically
separated from the main melanoma by a thrombosed blood
vessel, the nature and significance of which were difficult to
classify, but we were not convinced that this constituted a true
microsatellite.

3.5 | Lymphovascular Invasion

No cases of LVI were identified in the first-level evaluation.
While it did not affect the pathological staging, in one case
(2.5%), a pT2a melanoma, we identified a small lympho-
vascular channel tumor deposit that turned up on Level 4
(Figure 3e,f).
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a. Initial pT1 melanomas
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b. Initial pT2, pT3 and pT4 melanomas
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FIGURE1 | Variability of Breslow thicknesses (BT) across five sequential levels at 100um depth intervals, for each of the 40 cases, grouped as (a) initial
pT1 melanomas and (b) initial pT2, pT3 and pT4 melanomas (y axis =BT in mm; x axis = case numbers, batches).

4 | Discussion

In an era where nonanatomic factors are increasingly relevant
to precision medicine, the assessment of key histopathologic
parameters of primary melanoma remains one of the most
powerful tests to determine a patient's prognosis and guide man-
agement decisions.

The 8th edition of the AJCC Cancer Staging Manual incorporates
three key anatomical factors of primary melanoma (BT, ulceration,

and microsatellites) into pathological staging [2]. Mitotic rate and
LVI remain important independent prognostic markers and are
utilized in prognostic nomograms, but are not currently incorpo-
rated into the formal AJCC stage categories [16, 17].

Several studies have shown that many features of melanoma are
subject to variation based on the profile of the tumor that is ex-
amined in a particular plane of section [6-11]. This phenomenon
is not unique to melanoma and has been documented in a range
of tissue types and tumor pathologies [18-20].
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TABLE 2 | Changes in Breslow thickness (BT), ulceration, and
pathological T stage.

No. of
cases
Characteristic (n=40) %
Change in BT
No 21 52.5%
Yes 19 47.5%
Maximum BT achieved at
which level?
Level 1 21 52.5%
Level 2 5 12.5%
Level 3 6 15%
Level 4 3 7.5%
Level 5 5 12.5%
Change in ulceration
status
No 38 95%
Yes 2 5%
Final ulceration status
achieved at which level?
Level 1 38 95%
Level 2 1 2.5%
Level 3 1 2.5%
Level 4 0 0%
Level 5 0 0%
Change in pathological T
(pT) stage?
No 32 80%
Yes 8 20%
Final pT achieved at which
level?
Level 1 32 80%
Level 2 2 5%
Level 3 2 5%
Level 4 3 7.5%
Level 5 1 2.5%

Being a highly prevalent disease with major global health and
economic burdens, maximizing the information from H&E
assessment of melanoma is desirable because H&E slides are
cheaper and easier to produce than ancillary techniques, such
as immunohistochemistry (IHC) and molecular analysis.
Melanoma research that considers equity for underresourced
and pressured health systems is valuable.

4.1 | Breslow Thickness

We have shown that the BT is influenced by the number of tis-
sue levels examined. We found additional levels resulted in an
increase in BT of at least 0.1 mm for 47.5% (19 out of 40) of cases,
with an average increase of 0.1 mm (range 0.1-0.5mm). This
resulted in upstaging in seven cases (17.5%), all of which were
initially staged as pT1.

Our findings are in line with a limited number of H&E-only stud-
ies that have encountered a similar upstaging effect in 9%-18.5%
of cases [6, 7, 10, 11]. In one series of 54 melanomas, this effect
was significant when the first four levels were examined, with no
additional significant benefit between Levels 5 and 10 [6]. This
is also concordant with our findings, where we found that 80%,
85%, 90%, and 98% of cases will be maximally staged at Levels 1,
2, 3, and 4 (of a total of five levels), respectively (Table 2).

Two studies compared the measurement of BT between H&E and
IHC stains (S100, melanA, HMB45 + Sox10) [8, 9]. In one study,
29 out of 41 invasive melanomas (70%) showed an increase in BT
of at least 0.1 mm after quad-panel THC stains compared to the
H&E slide, which led to a change in pT stage in 11 cases (11 out
of 41, 26%) [8]. In another study, greater tumor thickness was ob-
served in 27 lesions (27 out of 36, 75%) after a combination of three
THC stains (S100, melanA, HMB45) compared to the initial H&E
staining, resulting in a one-step increase in the pT score for 22%
of lesions [9]. In both studies, most cases with significant changes
were thin (pT1) melanomas. Both groups concluded that THC
staining led to a superior evaluation of BT compared to H&E stain-
ing. However, since their findings are similar to ours, a clinically
significant change in BT is likely to be, at least in part, a function
of the additional levels being cut and examined rather than the
THC stain per se. Considering the significant cost and resources
required to generate THC stains compared with H&E staining, this
is a judicious point to note. However, we recognize that IHC stains
serve other functions in the workup of melanoma cases.

4.2 | Ulceration

The importance of ulceration as a poor prognostic factor has
been well documented [21-23]. In our study, we found that in
the absence of deeper levels, ulceration would have been missed
in two cases (5%). This is concordant with Dyson et al. who
found that ulceration was detected only by examining deeper
levels in 3% of the cases [7].

Several investigators have also shown that epidermal con-
sumption and incipient ulceration have similar prognostic sig-
nificance to true ulceration [7, 14]. Dyson et al. and Paver et al.
showed that incipient ulceration lay adjacent to true ulcerations
in additional sections. These observations suggest that epider-
mal consumption, incipient ulceration, and true ulceration are
on a spectrum and that patients may be under-staged if only the
former tissue patterns are profiled in tissue sections [14, 15].
We identified only four patients whose melanomas had epider-
mal changes consistent with consumption or incipient ulcer-
ation, two of which revealed true ulceration at the subsequent
level. This suggests that epidermal consumption and incipient
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FIGURE2 | Level atwhich maximal Breslow thickness, final ulceration status, and final pathological T (pT) stage are determined, as a proportion
of all cases (n=40).

A B

FIGURE 3 | Microscopic images of three case examples. (a H&E x100) and (b H&E x100) Case 21:82M forehead lentigo maligna melanoma
(LMM), Breslow thickness (BT) 0.5mm on Level 1 (a) and 0.9 mm on Level 4 (b), resulting in upstaging from pT1a to pT1b. (c H&E x400) and (d H&E
X200) Case 39:832M, LMM on arm, BT 1.5mm, showing incipient ulceration with fibrin and epidermal consumption on Level 2 (c), and ulceration at
the next 100 um interval on Level 3 (d). This resulted in the upstaging from pT2a to pT2b. (e H&E %x100) and (f H&E x100) Case 31:79M, LMM on
scalp, BT 1.4mm, showing no LVI on the first three levels (g), and LVI on level 4 (h). (This did not result in a change in pT.)
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TABLE 3 | Distribution of pathological T (pT) stage observation at respective batch levels, No. of cases (%).

Level pTla pT1b pT2a pT2b pT3a pT3b pT4a pT4b
1 19 (47.5) 6 (15) 9(22.5) 0(0) 2(5) 1(2.5) 1(2.5) 2(5)
2 18 (45) 6(15) 10 (25) 0(0) 2(5) 1(2.5) 1(2.5) 2(5
3 17 (42.5) 7(17.5) 9 (22.5) 1(2.5) 2(5) 1(2.5) 1(2.5) 2(5)
4 15 (37.5) 8(20) 9 (22.5) 2(5) 2(5) 1(2.5) 1(2.5) 2(5)
5 14 (35) 9(22.5) 9 (22.5) 2(5) 2(5) 1(2.5) 1(2.5) 2(5)

ulceration are uncommon findings; however, their recognition
should trigger a pathologist to examine further.

4.3 | Microsatellitosis

To the best of our knowledge, no study has specifically evaluated
how tissue levels influence the detection of microsatellites and
LVI. We did not find any cases of microsatellitosis picked up at
deeper levels, suggesting that the performance of levels solely for
this purpose is likely to be of low yield.

5 | Limitations

Our study had several limitations. By including partial biopsies
(punch, shave, and incisional biopsies, which accounted for 15%
of our cohort), prognostic parameters cannot always be fully
assessed. However, we included them to be reflective of wider
clinical practice because it is important for pathologists to report
all parameters regardless of the specimen type.

We did not include wide local excisions and recognized that these
specimens will often determine a patient's final BT. However, we
specifically excluded these cases so that biopsy site changes did
not contaminate the measurement of the prognostic parameters.

We tried to address a limitation of prior literature, in which most
studies did not specify the depth at which tissue levels were cut
[6, 8, 9]. The lack of standardization in prior studies means that
it is difficult to determine optimum sampling standards. In the
only available study that attempted to standardize interval dis-
tance, Patrick et al. produced 10 slides at 40 um intervals and
found a ceiling effect at around five to seven levels, equating
to approximately 200 um of tissue examined [11]. In contrast,
Dyson et al. evaluated more variable amounts of tissue, using
intervals of 50-100 um between the initial two slides (depend-
ing on specimen size), and 300-500 um between five additional
slides, to examine through an entire block [7]. By their own ad-
mission, they did not set out to establish a standard for optimal
tissue sampling. However, sampling through an entire block
presents practical and ethical problems, particularly in an era
when primary tissue may be an invaluable resource for molecu-
lar testing to guide targeted and other modern treatments.

To address this gap in the literature and improve its application
to wider laboratory practice, we chose five batches at 100 um
intervals (a total of 400pum between Levels 1 and 5), which

represents approximately 20% of a 2-mm tissue slice. This is
an interval that is relatively common across routine laboratory
practice, but also balances the need to ensure that lesional tissue
is not exhausted from the block for potential ancillary testing.
We recognize that intervals of 50um may be more appropriate
for very small specimens, and the information garnered from
our study should assist pathologists in determining how much
tissue should be examined in such cases.

6 | Clinical and Staging Value of Examining
Multiple Tissue Levels

Understanding the variability of information that can be ob-
tained from additional tissue levels is useful for pathologists who
have (a) an obligation to use laboratory resources judiciously and
(b) a responsibility to balance tissue evaluation with the need to
preserve tissue for ancillary studies, now and in the future.

Our study demonstrates that when compared to the initial H&E
section, examination of additional tissue levels in 100 um incre-
ments resulted in (a) an increase in the BT in 47.5% of cases,
and (b) detection of ulceration in a further 5% of cases. This
correlated with upstaging of patients’ pT stage in 20% of cases
(15% because of BT alone, 2.5% because of ulceration alone, and
2.5% because of BT and ulceration). We found no relationship
between changes in parameters and melanoma subtype, site,
age, mitotic rate, initial BT, TIL, or regression.

There is an incremental effect, such that 80% of cases of mel-
anoma were accurately pathologically staged at the initial
level, with roughly another 5% of patients being upstaged with
each additional 100 um interval examined (up to 400 um). We
found that only cases initially staged as pT1 were eventually
upstaged because of increased BT; the average increase in BT
was 0.11 mm. This suggests that it is pertinent for pathologists
to consider performing additional levels on thin (pT1) melano-
mas when a BT assessment is within 0.1-0.3 mm of a threshold
measurement (i.e., pT1la vs. pT1b or pT1b vs. pT2a).

Incipient ulceration and epidermal consumption are rare find-
ings; however, when present, ulceration was subsequently ob-
served in half of the cases. Incipient ulceration may, therefore,
serve as a clue for true ulceration, and it is worth a pathologist
pursuing additional levels.

Additional levels only rarely identify other prognostic parame-
ters such as LVI and microsatellitosis.

7 of 10

85U8017 SUOLILLOD 3AI81D 3ded!|dde ayy Aq pausenob a1e sl O 8sn JO SNl 10} ARIqIT 8UIIUQ AB[IA LD (SUORIPUCD-PUe-SLLBI WO A8 | 1M ATRIq U1 |UO//SANL) SUORIPUOD PUe SWLB | 8L 88S *[5202/20/ST] Lo A%iqiTauluo A8|IM ‘[1UN0D UyoJesssy [BOIPSIN PUY UesH [eUOIeN AQ 92.tT"dno/TTTT 0T/I0p/Wo A8 | 1M AeIqipul|uo//Sdny Wou) papeojumod ‘0 ‘0950009T



| Features of the eight cases where there was a change in pathological T (pT) stage after evaluation of levels.

TABLE 4

Final ulceration status

Final BT (level

Ulceration status

Breslow thickness

pT stage at

(level identified)

identified)

Final pT status

at Level 1

at Level 1

Level 1

Case number

pTla 0.5mm Absent pT1b 0.9mm (Level 4) Absent

21

pT1b 0.9mm (Level 4) Absent

pTla 0.6 mm Absent

10

Absent

pT1b 0.9mm (Level 2)

Absent

0.7 mm

pTla

pTla 0.7mm Absent pT1b 0.9mm (Level 3) Absent

25

pTla 0.7mm Absent pT1b 0.9mm (Level 5) Absent

26

Absent

pT2a 1.1mm (Level 2)

Absent

1 mm

pT1b

Present (Level 2)

pT2b 1.2mm (Level 4)

Incipient

pT1b 0.9mm

13

Present (Level 3)

pT2b 1.5mm (Level 3)

Incipient

pT2a 1.2mm

39

Our study adds to several other studies that have shown
changes in BT and staging using immunohistochemical stain-
ing. However, our observations suggest that the improved
evaluation may be a function of leveling the tissue rather than
the stain per se. IHC does have other roles, and pathologists
should incorporate immunohistochemical studies based on
their judgment.

Importantly, the upstaging effect observed in our study may
help explain why a small percentage of patients with thin lesions
(£1.0mm) have unexpectedly poor prognoses [24, 25]. Given
this potential clinical impact, our findings will undoubtedly
raise questions for many pathologists and laboratories regarding
how and if they should change their practice.

In answering this question, we emphasize the importance of the
pathologist's judgment and discretion. While we recommend levels
for thin pT1 lesions where the measurement is within 0.1-0.3mm
of the next T category, or when “incipient” ulceration is identified,
we recognize that a pathologist's decision to examine additional
tissue must consider multiple factors. These include the degree of
diagnostic certainty, biopsy type and size, overall size of the lesion,
tissue patterns such as regression, need for IHC, and rationaliza-
tion of the tissue for molecular testing. In our study, we specifically
kept our cohort to unequivocal melanomas and cases where there
was no significant risk of tumor cutting out; however, this does not
account for all real-life encounters with melanomas.

It is hoped that our findings will alert pathologists to instances
where additional tissue-level examination may be judged as most
beneficial, rather than mandate a radical change in practice.
Importantly, we caution laboratories performing multiple levels
upfront in all cases of melanocytic lesions. Doing so could risk
the loss of precious tissue and is likely to lead to injudicious use of
resources for many patients. However, we hope that our findings
will provide evidence for the degree of variability in prognostic pa-
rameters, of which many pathologists will already be aware anec-
dotally, and allow them to make informed decisions regarding the
benefits and potential costs of cutting through further tissue.

In conclusion, the performance of additional tissue levels is a
simple and inexpensive test that can provide valuable prognostic
information for patients with thin (pT1) primary cutaneous mel-
anomas. Its value lies mostly in the evaluation of pT1 melano-
mas with an initial BT that is within 0.1-0.3 mm of the threshold
for the next T category, and in the rare instance that incipient
ulceration is identified. Pathologists should use discretion and
judge cases on an individualized basis.
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HISTOPATHOLOGICAL ASSESSMENT OF MELANOMA

CHAPTER 4: MICROSCOPIC EVALUATION OF PRIMARY MELANOMA TUMOUR
BEDS

Overview: Wide local excision (WLE) of primary melanoma tumour beds after biopsy-proven
melanoma is the current standard in initial definitive treatment for patients with primary cutaneous
melanoma. Rates of residual melanoma in the tumour bed after a complete excision biopsy (CEB) are
reported to occur in 0-6.3% of cases. Many features that convey high risk to a patient with melanoma
are assumed to increase the chance that residual disease is found in the primary tumour bed,
however there is a paucity of literature methodically evaluating the clinicopathological features in

such cases.

Specific aims: Our aim was to determine the frequency of and clinicopathological characteristics
associated with residual melanoma in WLE specimens performed after a CEB of primary cutaneous

or acral melanoma, and assess its relevance in the context of clinical practice.

Contribution to literature: This work provides evidence to help inform pathology practices and
guidelines when they are balancing the importance of tissue evaluation, patient safety, and cost-

effectiveness in daily practice.
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Summary

Wide local excision (WLE) to achieve adequate clearance
margins is the standard initial definitive treatment for pa-
tients with biopsy-proven primary cutaneous melanoma.
Residual melanoma in WLE specimens after prior com-
plete excision-biopsy (CEB) is reported in 0-6.3% of
cases. However, studies evaluating the prevalence, clini-
copathological features and relevance of persistent dis-
ease in WLE specimens are limited.

This study sought to determine the frequency of and clin-
icopathological characteristics associated with residual
melanoma in WLE specimens performed after a CEB of
primary cutaneous or acral melanoma (in situ or invasive)
with clinically and histologically tumour-free margins, and
assess its relevance.

A review of the research database and pathology archives
of a large Australian tertiary referral melanoma treatment
centre was performed. Eligible patients were those for
whom a definitive WLE was performed after CEB of a
primary melanoma (in situ or invasive) with negative clin-
ical and histological margins, between May 2013 and May
2015. All partial biopsies were excluded.

Of 640 eligible patients, 510 (79.7%) had invasive mela-
noma and 130 (20.3%) had melanoma in situ. Residual
disease was identified in 20 cases (20/640, 3.1%), of
which three (15%) were melanoma in situ on CEB and 17
(85%) were invasive melanoma. On univariate analysis,
the presence of residual disease in WLE specimens was
associated with lentigo maligna (LM)/LM melanoma (LMM)
subtype [odds ratio (OR) 10.33; 95% confidence interval
(Cl) 2.84—37.54; p=0.004], nodular melanoma (NM) sub-
type (OR 4.92; 95% CIl 1.53-15.85; p=0.0076) and, for
invasive tumours, higher tumour mitotic rate (mean 7.7, SD
7.51 vs 3.4, SD 4.83; OR 1.11; 95% CI 1.04-1.18;
p=0.0014). Breslow thickness >4 mm was associated with
a higher risk of residual disease (OR 7.30; 95% CI 1.88,
28.26; p=0.004). Cases with residual disease had primary
tumours with a significantly larger diameter (median 14
mm, range 4-25) than those without residual disease
(median 9 mm, range 2—-60), (OR 1.07; 95% CI 1.03—1.11;
p<0.001) and were also more likely to be amelanotic (38%
vs 14%), (OR 3.69; 95% CI 1.17, 11.60; p=0.026).

Residual disease was associated with assessment of >3
slides of tissue (OR 6.98; 95% CIl 1.54-31.62; p=0.0118)
and complete blocking of the scar (OR 31.69; 95% CI
3.98-252.21; p=0.0011).

Residual melanoma in WLE specimens is an infrequent
occurrence. Risk factors for residual disease are LM/LMM
and NM melanoma subtypes, higher mitotic rate, larger
lesion diameter and amelanosis. Tumours with these fea-
tures warrant more extensive pathological sampling. WLE
after CEB for melanoma remains an important procedure
to reduce local recurrence; however, limited pathological
sampling of the WLE scar is probably appropriate for
cases lacking high risk features.

Key words: Diagnosis; melanoma; pathology; recurrence; treatment;
management.
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INTRODUCTION

Wide local excision (WLE) is the standard initial definitive
treatment for patients with primary cutaneous melanomas.
The objective is to achieve adequate clearance margins.l_4
Although WLE is thought to have a therapeutic benefit by
controlling local disease, it may not impact overall sur-
vival.”>~" It is a relatively infrequent occurrence to find re-
sidual melanoma in the WLE specimen after a prior excision-
biopsy that has shown complete clinical and histological
excision of a primary cutaneous melanoma. Prior limited
studies have reported rates of up to 6.3%.7%"!! The presence
of microsatellites in WLE specimens is an adverse prognostic
factor in melanoma patients and results in upstaging to stage
IIT melanoma in the American Joint Committee on Cancer
(AJCC) staging system.'” The detection of such metastases is
important because it warrants more intensive follow-up and
possibly even consideration of adjuvant systemic drug
therapy.

A contemporary retrospective study of consecutive WLE
specimens from 807 melanoma patients in whom the his-
tological margins were reported to be clear in a prior diag-
nostic excision-biopsy, managed at a specialised Australian
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melanoma unit, found that residual or locally metastatic
disease was present in 4.2% of cases.” Residual disease was
most likely when the primary lesion was either of lentigo
maligna (LM) or lentigo maligna melanoma (LMM) sub-
type.2 Other studies have reported lower rates of residual
disease in WLE specimens, and as a consequence, several
investigators have questioned both the clinical value and the
cost-effectiveness of the pathological examination of WLE
specimens, and whether limited or more extensive sampling
for pathological examination is advisable.® 113715 Indeed,
given the paucity of evidence, some consensus pathology
reporting guidelines have commented that if no suspicious
areas are identified after careful macroscopic examination,
microscopic examination of a single paraffin block of tissue
may be sufficient.”' !

Given the limited data addressing the prevalence of
persistent disease in WLE specimens and the clinicopatho-
logical features associated with its occurrence in patients with
a prior diagnostic excision-biopsy with clear margins, we
analysed our own experience at a large Australian tertiary
referral melanoma treatment centre. We sought to determine
the frequency and clinicopathological characteristics associ-
ated with the presence of residual melanoma in WLE speci-
mens performed after a complete excision-biopsy (CEB) of
primary cutaneous melanoma with clinically and histologi-
cally tumour-free margins.

METHODS

This study was undertaken at Melanoma Institute Australia (MIA) and its
affiliated diagnostic pathology service at the Royal Prince Alfred Hospital
(RPAH), Sydney, Australia. It was conducted in accordance with the ethical
approval given by the Sydney Local Health District Human Research Ethics
Committee (Protocol No. X15-0454 and HREC/11/RPAH/444).

The MIA research database and RPAH pathology archives were reviewed
to identify patients with in sifu or invasive melanomas who had CEBs and
WLEs and were managed between May 2013 to May 2015. Eligible patients
were those in whom a definitive WLE was performed after CEB of primary
cutaneous or acral melanoma (in sifu or invasive) with negative clinical and
histological margins. All patients who had partial biopsies were excluded,
including punch biopsies, incision biopsies and shave biopsies, as they had
positive margins.

The Australian Melanoma Clinical Practice Guidelines recommend CEB
with 2 mm clinical margins as the preferred method for initial diagnosis of
cutaneous melanoma.' This method facilitates histological assessment of the
entire lesion and reduces the risk of a false-negative diagnosis associated with
partial biopsies.!” If a pathological diagnosis of melanoma is confirmed,
optimal management subsequently involves definitive WLE of the biopsy site
to achieve a wider clearance margin of tumour-free skin, the extent of which is
determined by the Breslow thickness of the primary tumour. '8 The Australian
guidelines recommend 5—10 mm margins for melanoma in sifu; 1 cm margins
for melanoma <1.0 mm Breslow thickness; 1-2 cm margins for melanomas
1.01-2.00 mm and 2.01-4.00 mm without other adverse prognostic factors;
and 2 cm margins for melanomas >4 mm or those 2.01-4.00 mm with adverse
prognostic features.' For patients included in our study, the WLE procedures
were performed by MIA surgeons according to these guidelines.1

All specimens were reviewed by MIA-affiliated pathologists at a single
specialist pathology service (RPAH). WLE specimens were macroscopically
handled according to guidelines of the Royal College of Pathologists of
Australasia.'® WLE specimens were serially sliced across the long axis into
2-3 mm thick slices and examined for macroscopic disease including masses
or pigmentation. If no gross disease was identified, the primary melanoma had
been completely excised on the prior specimen, and the primary lesion
showed no high risk features such as a desmoplastic melanoma component,
neurotropism, microsatellites or lymphovascular invasion, then limited,
representative sampling was performed (generally up to four transverse slices
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through the centre of the scar submitted in one paraffin block). The scar was
completely submitted if any of the adverse features mentioned above were
present. Tissue samples were then processed for histological examination by
routine paraffin embedding, microtome sectioning and staining with haema-
toxylin and eosin.

Immunohistochemistry was not routinely performed in the evaluation of
WLE specimens as part of this study; it was employed where necessary at the
discretion of the reporting pathologist. When immunohistochemistry was
utilised to assist in the evaluation of junctional melanocytic proliferations,
generally a melanocytic nuclear marker such as Sox10 was employed. Sox10
and S100 were also sometimes utilised to differentiate scar from residual
desmoplastic melanoma. 1o Occasionally, melanA and HMB45 were used to
differentiate cellular constituents such as inflammatory cells from residual
melanoma cells.

Sentinel lymph node biopsy was performed in accordance with Australian
guidelines, usually in those cases where Breslow thickness was either >1 mm,
or 0.75—1 mm thickness with adverse pathological features.!

Clinical parameters recorded were age, sex, and anatomical site (head and
neck, chest, abdomen, back, upper extremity, lower extremity). Macroscopic
parameters recorded for the primary lesion in the CEB specimen included an
assessment of amelanosis and the diameter of the melanoma. Microscopic
pathological parameters of the primary melanoma were recorded as outlined
in the Royal College of Pathologists of Australasia (RCPA) guidelines for the
reporting of cutaneous melanoma.'® These were melanoma subtype [super-
ficial spreading (SSM), nodular (NM), desmoplastic (DM), lentigo maligna/
lentigo maligna melanoma (LM/LMM) acral lentiginous melanoma (ALM)],
Breslow thickness, Clark level, mitotic rate, ulceration, associated naevus,
neurotropism, lymphovascular invasion, microsatellites, desmoplastic mela-
noma component, regression and presence of solar elastosis. Margin status
was recorded for both the in situ component (peripheral margin) and the
invasive component (peripheral and deep margins).

Gross parameters recorded for the WLE specimen included length of scar,
width of specimen, depth of specimen, number of slices submitted and
whether the scar was submitted in entirety or as representative sections.
Microscopic parameters for the WLE specimen were presence or absence of
residual melanoma, size of the residual disease, distance from the scar and
margin status.

Patients and clinicopathological factors were summarised using frequency
(proportion) for categorical variable and mean (standard deviation) for
continuous variables. Univariate logistic regression was performed to assess
the association between presence of residual disease in the WLE specimen
and the clincopathological features of the primary melanoma. Due to the small
number of cases with presence of residual disease, multivariate analysis was
not performed.

RESULTS

Clinicopathological characteristics of all cases (Table 1)

A total of 640 eligible patients who had WLE following CEB
for either melanoma in situ or invasive melanoma between
May 2013 and May 2015 were identified. The median age at
diagnosis was 62 years (range 19-94, mean 61); 61% of
patients were male; 510 cases (79.7%) were invasive mela-
noma while 130 (20.3%) were melanoma in situ.

Melanoma in situ subtypes included LM type (26/130,
20%), non-LM type (10, 8%), or unclassified pattern (94,
72%). Invasive melanoma subtypes were SSM (346/510,
68%), NM (104, 20%), DM (13, 2.5%), LMM (12, 2.4%),
ALM (2, 0.4%), or unclassified (33, 6.5%).

In decreasing frequency, cases of melanoma in situ were
located on the upper extremity (38/130, 29%), back (36,
28%), lower extremity (23, 18%), head and neck (22, 17%),
chest (10, 8%), or abdomen (1, 0.8%). Invasive melanomas
were located on the back (175/510, 34%), upper extremity
(145, 28%), lower extremity (102, 20%), head and neck (51,
10%), chest (27, 5.3%), or abdomen (10, 2%).



The median Breslow thickness for all invasive melanomas
was 1.0 mm (range 0.2—14 mm, mean 2.0 mm).

Residual melanoma in wide excision specimens

The characteristics of the CEB and WLE specimens for all
cases with residual disease in WLE specimens are docu-
mented in Fig. 1.

Residual invasive melanoma or melanoma in situ were
identified in 20 cases (20/640, 3.1%). Of all these cases with
residual disease, three (15%) were originally diagnosed as
melanoma in situ on CEB, representing 2.3% of all mela-
noma in situ cases (3/130). Two cases were LM subtype and
one case was unclassified. Residual disease in all three cases
was in the form of melanoma in situ, and there were no un-
expected instances of invasive melanoma, microsatellites,
lymphovascular invasion or perineural invasion.

The remaining 17 cases with residual disease (17/20, 85%)
were originally diagnosed as invasive melanomas on CEB,
representing 3.3% of all cases of invasive melanoma (17/
510). Of these patients, there were seven cases of NM (41%),
three cases of LMM (18%), five cases of SSM (25%), one
case of DM (6%) and one case of ALM (6%). In this group,
the majority of cases of residual disease were in the form of
melanoma in situ (12/17, 71%). The remaining five cases
showed invasive disease, of which three cases (15%) were in
the form of tumour within or adjacent to the scar (3/20, 15%),
one case (5%) was a clinically detected in-transit metastasis,
and one case (5%) harboured microsatellites, lymphovascular
invasion and tumour in the scar (Fig. 2).

The latter case (Case T) was a SSM (Breslow thickness 6
mm, tumour mitotic rate 18/mm2, ulcerated) that had both
microsatellites and lymphovascular invasion in the CEB
specimen. The WLE harboured intra-lymphatic tumour
plugs, a 1 mm metastatic deposit in the scar and a 0.3 mm
microsatellite in the subcutis located 2 mm away from the
scar.

Case N was a NM (Breslow thickness 2.1 mm, tumour
mitotic rate 12/mm2, not ulcerated) that showed neuro-
tropism in the CEB. The WLE contained a 5.5 mm deposit
of melanoma that corresponded to a clinically detected in-
transit metastasis located 7 mm from the scar; this deposit
did not appear to be associated with a nerve.

Case R was an ALM (Breslow thickness 4.9 mm, tumour
mitotic rate 19/mm?, not ulcerated) that showed lympho-
vascular invasion in the primary tumour. A clearance
margin of 0.2 mm was reported for in situ melanoma and
0.8 mm clearance for the invasive component to the pe-
ripheral margin; in situ disease was present in the WLE
specimen.

The primary tumour in Case K was an invasive DM
(Breslow thickness 1.7 mm, no dermal mitoses, not ulcerated)
with a junctional LM component and the WLE specimen
contained residual LM only.

Case Q was notable for being a thick NM with a very high
mitotic rate (21/mm2, Breslow thickness 4.3 mm, not ulcer-
ated) and the WLE specimen contained residual spindle cell
melanoma.

Most WLE procedures (19/20, 95%) were performed
within 6 weeks of the original diagnosis, except for one case
that was performed 8 weeks after CEB (Case 16, data not
shown).
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Predictors of residual melanoma in wide excision
specimens

The univariate logistic regression results are provided in
Table 1. The presence of residual melanoma in WLE speci-
mens was associated with LM/LMM subtype [odds ratio
(OR) 10.33; 95% confidence interval (CI) 2.84-37.54;
p=0.004), NM subtype (OR 4.92; 95% CI 1.53-15.85;
p=0.0076) and, for invasive tumours, higher tumour mitotic
rate (mean 7.7, SD 7.51 vs 3.4, SD 4.83; OR 1.11; 95% CI
1.04-1.18; p=0.0014).

For invasive melanomas, there was no significant differ-
ence in mean Breslow thickness (mean 1.7 mm; OR 1.19;
95% CI1 0.98—1.45; p=0.075) between those with and without
residual disease. However, when stratified according to
thickness (<1 mm, >1 to <2 mm, >2 to <4 mm, >4 mm),
Breslow thickness >4 mm was associated with higher risk of
residual disease (OR 7.30; 95% CI 1.88, 28.26; p=0.004).
Cases with residual disease showed a primary tumour with a
significantly greater diameter (median 14 mm, range 4-25)
than those without residual disease (median 9 mm, range
2-60), (OR 1.07; 95% CI 1.03-1.11; p<0.001), and were
also more likely to be amelanotic (38% vs 14%), (OR 3.69;
95% CI 1.17, 11.60; p=0.026). WLE specimens with a width
>25 mm were more likely to contain residual melanoma (OR
4.53;95% CI 1.24-16.50; p=0.0221), probably reflecting the
increased Breslow thickness of the primary melanoma. Re-
sidual disease was associated with sampling of >3 blocks of
tissue (OR 6.98; 95% CI 1.54-31.62; p=0.0118) and com-
plete blocking of the scar (OR 31.69; 95% CI 3.98-252.21;
p=0.0011). For both in situ and invasive melanomas, there
was no statistically significant association with sex, age, site
or associated naevus. For invasive melanomas, there was no
statistically significant association with the presence of ul-
ceration, Clark level, lymphovascular invasion, neuro-
tropism, microsatellites, presence of a desmoplastic
melanoma component or regression. There was no significant
difference in the frequency of residual melanoma in WLE
specimens when margins of the CEB were stratified as above
or below 1 mm for in situ disease, or above or below 2 mm for
invasive melanoma.

DISCUSSION

Our study confirms that residual melanoma in WLE speci-
mens after CEB is an infrequent occurrence. The rate of re-
sidual disease, both in situ and invasive melanomas, in our
study (3.1%) is within the range previously found in the
limited number of other relevant studies (0—4.2%).2’8’11
We found that LM/LMM subtype was significantly asso-
ciated with a higher risk of residual melanoma, as did
Bolshinsky et al.” This finding may reflect the recognised
difficulty in delineating the horizontal growth phase and pe-
ripheral extent of LM/LMM both clinically and histological-
]y.zo Furthermore, since melanocytes may be activated after
surgery (demonstrating an increase in number, pagetoid
spread and/or cytological atypia), the association with LM/
LMM may partially reflect interobserver variability in
assessing this phenomenon.21 We sought to mitigate over-
interpretation of melanocyte induction by submitting cases of
residual disease to an additional independent pathology
review prior to inclusion in the study. NM was also signifi-
cantly associated with the presence of residual melanoma in
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Table 1 Logistic regression of univariate analysis of clinicopathological features and the presence of disease remaining in wide local excision specimens after
complete excision-biopsy of melanoma or melanoma in situ

Variable No melanoma remaining Melanoma remaining Total OR (95% CI) p value
(N=620) n (%) (N=20) n (%)

Sex

Female 241 (39) 9 (45) 250 1.00

Male 379 (61) 11 (55) 390 0.78 (0.32, 1.90) 0.5811
Age mean (SD) 60.9 (14.92) 67.2 (10.25) 1.03 (1.00, 1.07) 0.0629
Macroscopic tumour diameter, mm, median (range) 9 (2-60) 14 (4-25) 1.07 (1.03, 1.11) 0.0001
Site

Lower extremity 121 (20) 4 (20) 125 1.00

Upper extremity 177 (29) 6 (30) 183 1.03 (0.28, 3.71) 0.9695

Chest/Abdomen/Back/Trunk 255 (41) 4 (20) 259 0.47 (0.12, 1.93) 0.2976

Head and neck 67 (11) 6 (30) 73 2.71 (0.74, 9.94) 0.1329
Pigmentation

Pigmented 401 (86) 8 (62) 409 1.00

Amelanosis 68 (14) 5 (38) 73 3.69 (1.17, 11.60) 0.0258
Melanoma subtype

Superficial spreading 341 (55) 5 (25) 346 1.00

Lentigo maligna 33 (5) 525 38 10.33 (2.84, 37.54) 0.0004

Nodular 97 (16) 7 (35) 104 4.92 (1.53, 15.85) 0.0076

Desmoplastic 12 (2) 1(5) 13 5.68 (0.62, 52.48) 0.1255

Other 137 (22) 2 (10) 139 1.00 (0.19, 5.19) 0.9958
Ulceration

Ulcerated 70 (11) 4 (20) 74 1.00

Non-ulcerated 549 (89) 16 (80) 565 0.51 (0.17, 1.57) 0.2401
Breslow thickness, mm, mean (SD) 1.7 (1.73) 2.4 (1.88) 1.19 (0.98, 1.45) 0.0748
Breslow thickness, mm

<1 251 (51) 4 (24) 255 1.00

>1 to <2 117 24) 529 122 2.68 (0.71, 10.17) 0.1469

>2 to <4 80 (16) 3 (18) 83 2.35(0.52, 10.74) 0.2692

>4 43 (9) 59 48 7.30 (1.88, 28.26) 0.0040
Clark Level (missing data = 3)

1 127 (20) 3 (15 131 1.00

2 98 (16) 2 (10) 99 0.88 (0.14, 5.37) 0.8895

3 144 (23) 4 (20) 148 1.19 (0.26, 5.40) 0.8261

4 230 (37) 9 (45) 239 1.67 (0.44, 6.28) 0.4481

5 18 (3) 2 (10) 20 4.74 (0.74, 30.34) 0.1002
Diagnosis

In situ 127 (20) 3(15) 130 1.00

Invasive 493 (80) 17 (85) 510 1.46 (0.42, 5.06) 0.5508
Mitotic rate mean (SD) 3.4 (4.83) 7.7 (71.51) 1.11 (1.04, 1.18) 0.0014
Mitotic rate

0 148 (24) 4 (20) 152 1.00

>1 472 (76) 16 (80) 488 1.25 (0.41, 3.81) 0.6896
Lymphovascular invasion

Absent 472 (96) 15 (88) 487 1.00

Present 19 (4) 2 (12) 21 3.31 (0.71, 15.53) 0.1287
Neutrotropism

Absent 482 (98) 16 (94) 498 1.00

Present 9(2) 1(6) 10 3.35 (0.40, 28.03) 0.2651
Microsatellites

Absent 487 (99) 16 (94) 503 1.00

Present 4 (1) 1(6) 5 7.61 (0.80, 71.99) 0.0767
Desmoplasia

Absent 472 (96) 16 (94) 488 1.00

Present 19 (4) 1(6) 20 1.55 (0.20, 12.33) 0.6772
Regression

Absent 167 (28) 525 172 1.00

Early/Intermediate/Late 426 (72) 15 (75) 441 1.18 (0.42, 3.29) 0.7572
Associated naevus

Absent 322 (52) 14 (70) 336 1.00

Present 297 (48) 6 (30) 303 0.46 (0.18, 1.22) 0.1212
Solar elastosis

Absent 137 27) 3(19) 140 1.00

Present 374 (73) 13 (81) 387 1.59 (0.45, 5.66) 0.4760
In-situ peripheral margin

<1 163 (28) 8 (44) 171 1.00

>1 409 (72) 10 (56) 419 0.50 (0.19, 1.28) 0.1494
Invasive peripheral margin

<2 197 (40) 11 (65) 208 1.00

>2 293 (60) 6 (35) 299 0.37 (0.13, 1.01) 0.0518
Invasive deep margin

<2 148 (30) 8 (47) 156 1.00

>2 343 (70) 9 (53) 352 0.49 (0.18, 1.28) 0.1449
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Table 1 (continued)

Variable No melanoma remaining Melanoma remaining Total OR (95% CI) p value
(N=620) n (%) (N=20) n (%)

Scar length

<20 263 (43) 11 (55) 274 1.00

>20 to <30 164 (27) 5(25) 169 0.73 (0.25, 2.14) 0.5643

>30 185 (30) 4 (20) 189 0.52 (0.16, 1.65) 0.2648
Specimen width

<15 200 (32) 3 (15) 203 1.00

>15 to <25 258 (42) 6 (30) 264 1.55 (0.38, 6.28) 0.5387

>25 162 (26) 11 (55) 173 4.53 (1.24, 16.50) 0.0221
Specimen depth

<10 234 (38) 6 (33) 240 1.00

>10 to <20 291 (47) 8 (44) 299 1.07 (0.37, 3.13) 0.8987

>20 91 (15) 4 (22) 95 1.71 (0.47, 6.22) 0.4121
Number of slices submitted

1 193 (32) 2 (11) 195 1.00

2-3 237 (40) 4 (22) 241 1.63 (0.30, 8.99) 0.5757

>3 166 (28) 12 (67) 178 6.98 (1.54, 31.62) 0.0118
Sampling

Representative slices 206 (76) 109 207 1.00

All embedded 65 (24) 10 91) 75 31.69 (3.98, 252.27) 0.0011
Local metastatic disease

Absent 194 (87) 8 (67) 202 1.00

Present 28 (13) 4(33) 32 3.46 (0.98, 12.26) 0.0540

Continuous variables are summarised as mean (standard deviation) and categorical variables by their frequency (percentage).
Bold p values are statistically significant.
CI, confidence interval; OR, odds ratio.

WLE specimens. This may reflect the fact that these tumours and the residual disease group as a whole (mean Breslow
were thicker (mean Breslow thickness 2.9 mm) when thickness = 2.4 mm). Although there was no significant dif-
compared to cases overall (mean Breslow thickness 1.7 mm) ference in mean Breslow thickness between the two groups
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Fig. 1 Select clinicopathological characteristics of the complete excision-biopsies (CEB) and wide local excisions (WLE) for patients whose WLE contained residual
melanoma after CEB. A, absent; AL, acral lentiginous; DM, desmoplastic melanoma; H&N, head and neck; LE, lower extremity; LM, lentigo maligna; LMM, lentigo
maligna melanoma; MD, missing data; MIS, melanoma in situ; NM, nodular melanoma; P, present; SSM, superficial spreading melanoma; UE, upper extremity.
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overall, tumours that were greater than 4 mm thick were more
likely to harbour residual disease in WLE specimens (OR
7.30; 95% CI 1.88, 28.26; p=0.004). Similarly, amelanotic
melanomas were more frequently associated with residual
disease in WLE likely not only reflecting difficulty in
detecting this subtype clinically but also potentially signifying
a more aggressive tumour biology.

The most common form of residual disease was melanoma
in situ and only a few cases showed lymphovascular invasion
or microsatellites. This reflects the previously proposed
theory that a WLE procedure is likely to be most useful in
control of residual disease rather than influencing local
metastasis, since few cases showed residual disease with
metastatic potential.2
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Interestingly, the interval between primary melanoma CEB
and WLE does not appear to affect survival.”” While we did
not determine the interval between CEB and WLE for all
cases in our study, all cases that harboured residual mela-
noma had an inter-procedure duration concordant with na-
tional guidelines (less than 6 weeks) except for just one
outlier, where there was an interval of 8 weeks.

We acknowledge several limitations to our study.
Although our samplin§ processes are in line with current
Australian guidelines,1 we did not submit every WLE scar in
entirety for histological examination or assess blocks using
step sections. Indeed, residual disease was associated with >3
blocks of tissue and complete blocking of the scar. It is un-
clear from our data whether greater sampling of WLE

Fig. 2 Examples of residual melanoma in wide excision specimens. (A,B) Residual lentigo maligna overlying and adjacent to the scar related to prior excision biopsy
(Case I, H&E). (C) Clinically detected intransit deposit (Case N, H&E). (D) Intralymphatic tumour cells (Case T, H&E). (E,F) Residual desmoplastic melanoma within
scar related to the prior excision biopsy (Case Q, H&E, Sox10).



specimens was performed in those cases more likely to
contain residual melanoma (i.e., whether this represents se-
lection bias). While our rates of residual disease are similar to
those of other studies that have employed variable sampling
techniques,”® ! we recognise the possibility that sampling
error led to underestimation of the true incidence of residual
disease.

It has previously been suggested that extensive random
blocking of the scar in the absence of a macroscopic abnormality
is unlikely to change results in a clinically significant way.g’ll
Fives et al. examined two separate cohorts of melanoma
WLEs with different grossing protocols at their institution.'!
Consecutive cases managed in 2010 underwent extensive
random sampling of the scar regardless of margins or macro-
scopically recognised lesions. In contrast, consecutive cases in
2012 had only three blocks of the scar submitted if there was no
macroscopic lesion and CEB margins had been >1 mm. For
cases with no macroscopic lesion and CEB margins >1 mm, the
incidence of residual melanocytic lesions was comparable for
the two groups, 4.3% and 6.3%, respectively.

In most cases in our study, residual disease was in the form
of melanoma in situ that was completely excised, and it is
unlikely that detecting or not detecting this form of residual
disease will have significant clinical impact, as previously
suggested by some authors.”!! However, we also observed
cases with residual invasive disease, albeit rarely (5/640, <1%
of all cases). Nevertheless, in the modern era of effective
systemic drug therapies where adjuvant drug therapy is often
considered for patients with stage III melanoma, detection of
microsatellite metastases (or satellite or in transit metastasis)
in WLE specimens could have important clinical implications
regarding eligibility for systemic therapies. Of the five (of
640) cases with residual invasive disease in their WLE
specimens, two had >3 slices submitted for microscopic ex-
amination and the other three cases had <3 slices sampled.
These five included: one case of residual desmoplastic mel-
anoma deep to the scar (5 blocks, Case L); a case of clinically
detected satellite/in-transit located 7 mm away from the scar
(4 blocks, Case N); intralymphatic plugs, a microsatellite and
melanoma in the scar (3 blocks, Case T); residual nodular
melanoma at deep aspect of scar (2 blocks, Case S); and re-
sidual spindle cell/desmoplastic melanoma within scar (1
block, Case Q). Hence the detection of residual disease in
only one of these patients was likely to have affected their
eligibility for adjuvant drug therapy.

Our study also identified the following pathological fea-
tures to be associated with a higher rate of detection of re-
sidual disease in WLE specimens: LM/LMM and NM
subtypes, higher tumour mitotic rate, Breslow thickness >4
mm, larger primary tumour diameter and amelanosis. In
contrast, there was no statistically significant association with
the presence of ulceration, Clark level, lymphovascular in-
vasion, neurotropism, microsatellites, presence of a desmo-
plastic melanoma component or regression.

These findings have important implications for laboratory
resources with several studies now suggesting that exhaustive
histological examination of WLESs after an original excisional
biopsy with negative margins is of limited value. 5111323 1
is noteworthy that our study’s findings do not support cur-
rent guidelines for handling of WLE specimens, which
encourage more extensive sampling of WLE specimens
when microsatellitosis, neurotropism, extensive regression

RESIDUAL MELANOMA IN WIDE EXCISIONS 77

and lymphovascular invasion are detected in the initial biopsy
specimen.'® Therefore, review of these guidelines is
warranted. On the basis of our study’s findings, melanomas
of LM/LMM and NM subtypes, higher mitotic rate, Breslow
thickness >4 mm, larger lesion diameter and amelanosis
probably warrant additional sampling of WLE specimens,
although it must be borne in mind that Molenkamp et al.
showed no significant relationship between the presence of
residual melanoma in WLE specimens and disease-free sur-
vival or overall survival after 5 years follow—up.24

Another limitation of our study is the fact that many CEBs
were originally processed and reported at external pathology
laboratories. We addressed this limitation by only including
cases for which the original biopsy had been formally
reviewed by pathologists at our institution. For all these
cases, complete histological information was documented in
a standardised synoptic report, including histopathological
parameters and margin status. As discussed above for WLE
examination, step sectioning was not exhaustively employed
for CEBs; therefore, there is a risk that margins originally
reported as negative were in fact positive.

The WLE procedure is likely to function, in part, by
capturing histologically or clinically unrecognised disease in
the original CEB. This is supported by our finding that re-
sidual disease was significantly associated with amelanosis
and larger tumour diameter, both of which are factors that
may influence completeness of excision and recognition at
gross sampling.

CONCLUSIONS

This study confirms that the finding of residual disease in
WLE specimens performed within standard timeframes is an
infrequent occurrence (3.1% in our study). WLE after CEB
remains an important procedure to reduce local recurrence.
Risk factors for residual disease appear to be LM/LMM and
NM subtypes, higher mitotic rate, Breslow thickness >4 mm,
larger lesion diameter and amelanosis. While most residual
disease occurs in the form of melanoma in situ and is unlikely
to be clinically significant, rare cases of residual invasive
disease (<1% in our study) are detected and occasionally
these could have management implications for individual
patients (one of 640 patients in our study). More extensive
sampling of WLE specimens may be appropriate when the
above risk factors are present.
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MOLECULAR TESTING FOR MELANOMA AND ITS MIMICS

CHAPTER 5: UTILITY OF MOLECULAR ANALYSIS FOR CUTANEOUS
UNDIFFERENTIATED MELANOMA AND ITS MIMICS

Overview: Some sarcomatoid tumours of the skin can defy definitive classification by histological and
immunohistochemical means alone, and not infrequently present a diagnostic dilemma in
dermatopathology practice. These heterogeneous tumours types, such as undifferentiated
melanoma (UM), atypical fibroxanthoma (AFX) and pleomorphic dermal sarcoma (PDS), can be
difficult to diagnose prospectively without the integration of molecular information. In our clinical
experience working at large melanoma and non-melanoma skin cancer referral centres, some
tumours initially diagnosed as AFX or PDS are occasionally later re-diagnosed as UM, usually based
on unexpected clinical behaviour and the subsequent finding of a MAPK pathway variant that is

typically associated with melanoma.

There is a limited understanding of the utility of molecular testing at initial diagnosis, in a prospective
manner, when considering these tumours as a group. The hypothesis of the following study is that
there may be a subset of patients with immunohistologically unclassifiable cutaneous sarcomatoid
neoplasms for whom the finding of a MAPK pathway variant can improve the recognition of UM

upfront.

Specific aims: Our aim was to examine the frequency of typical melanoma-associated MAPK-
pathway related variants (BRAF, NRAS, KIT, GNAQ and GNA11) among a cohort of primary cutaneous

sarcomatoid neoplasmes.

Contribution to literature: Given that the treatment options for patients with UM vary from patients
with AFX and PDS, there is value in improving the recognition of UM at initial diagnosis. As far as we

aware, this study is the first of its kind.
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Abstract

Primary cutaneous neoplasms that lack definitive histological and immunophenotypic evidence of
differentiation are a heterogeneous group of tumors with diverse prognoses and management
options. These include undifferentiated and dedifferentiated melanoma (UM/DM), atypical
fibroxanthoma (AFX), pleomorphic dermal sarcoma (PDS), and sarcomatoid squamous cell
carcinoma. Diagnosis requires careful correlation between the clinicopathological and molecular
features. The finding of a MAPK pathway variant commonly associated with melanoma may support

the diagnosis of melanoma over other tumors in this group.

To examine the frequency of typical melanoma-associated MAPK pathway-related variants (BRAF,
NRAS, KIT, GNAQ, GNA11) among a cohort of primary cutaneous sarcomatoid neoplasms, we
conducted a retrospective analysis of 37 cases of immunohistologically unclassifiable primary
cutaneous neoplasms, submitted for targeted NGS analysis. All cases lacked a history of a prior
relevant tumor, were negative for melanocytic markers (5100, SOX10, HMB45, and Melan-A), or
showed less than 5% staining with one or two of these markers. Other lineage markers were

negative.

We identified typical melanoma driver variants in seven cases (7/37, 19%), including NRAS (5/37,
14%), KIT (1/37, 3%), and GNAQ (1/37, 3%). There were no significant differences in age, sex, tumor
site, or mitotic rate between patients with and without a melanoma driver variant. Melanoma cases
were thicker (16.3 mm versus 9.25 mm, p = 0.041) and more likely to show epithelioid cell

phenotype (p = 0.008).

In our cohort, nearly 20% of patients with immunohistologically unclassifiable cutaneous tumors
could be re-classified as having primary UM/DM after molecular testing, thereby opening alternative

management pathways.
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Introduction

Primary cutaneous neoplasms that lack definitive histological and immunophenotypic evidence of
differentiation are a heterogeneous group of tumors with diverse prognoses and management
options. This mixed bag includes atypical fibroxanthoma (AFX), pleomorphic dermal sarcoma (PDS),
sarcomatoid squamous cell carcinoma (SCC), and dedifferentiated or undifferentiated melanoma
(DM, UM). During pathological work-up, such tumors are often provisionally referred to as

‘sarcomatoid,’ ‘spindle cell, * ‘undifferentiated’ or ‘unclassifiable’ neoplasms.

Traditionally, assessment includes comprehensive clinical, morphological, and immunohistochemical
features. When lineage-specific markers are absent, a pathologist will often diagnose either AFX or
PDS, depending on features such as size, involvement of subcutis, presence of lymphovascular

invasion, perineural invasion, and necrosis.

However, knowledge of the plasticity of melanoma and its molecular profile over recent decades has
led to the recognition of dedifferentiated and undifferentiated forms of melanoma, which are

defined by the partial or complete loss of identifiable melanocytic features, respectively.(1)

Differentiating DM and UM from AFX or PDS (and others) is valuable because their prognoses and
management strategies differ. AFX is typically treated with complete excision, has recurrence rates
of 5% if incompletely excised, and has a low metastatic potential.(2,3) PDS is often managed by wide
local excision, has recurrence rates of 20% when incompletely excised, and shows locoregional or
distant metastasis in 10-12% of cases, particularly in immunosuppressed patients (2,4). DM and UM
are often managed with wide local excision, and depending on the patient’s stage, other
management options may be considered, such as sentinel node biopsy.(5) Furthermore, recent
evidence supports the consideration of adjuvant systemic therapy for patients with high-risk primary

and node-positive melanoma.(6)
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It is not possible to diagnose primary cutaneous UM prospectively and definitively using
conventional light microscopic tools alone. Without molecular analysis, the UMs (and some DMs)
may be missed. Indeed, DMs and UMs have been found to be significantly under-recognized among

soft tissue tumors when genomic analysis is not employed.(7)

However, there is no literature addressing the clinical impact of molecular testing of such tumors for
the primary purpose of excluding UM/DM before a diagnosis of AFX or PDS is accepted. Specifically,
there is a lack of studies examining clinicopathological and molecular features in a manner that is

reflective of a pathologist’s prospective work-up of these heterogeneous tumors in daily practice.

Therefore, we aimed to determine the frequency of typical melanoma driver variants and the
consequent rate of reclassification to melanoma among primary cutaneous sarcomatoid neoplasms
seen in our practice. The secondary aim was to analyze the clinicopathological features of these

tumors.

Understanding the rate of melanoma driver variants and identifying any associated features of the
primary tumor may provide pathologists and clinicians with a better understanding of how and when

molecular testing can be employed in AFX- and PDS-like tumors.

Materials and Methods

This study was a retrospective review of prospectively collected data from a major referral center for

melanoma and complex skin cancer (Peter MacCallum Cancer Center).

Inclusion and exclusion criteria

We searched archives for all cases of cutaneous epithelioid and/or spindle cell tumors between
January 2019 and May 2024 that were regarded as AFX-like, PDS-like, or otherwise unclassifiable
after morphological and immunohistochemical assessment (including an extensive panel of keratins,
melanocytic stains, and mesenchymal markers), that had also undergone next-generation

sequencing (NGS) (n=37). In all cases, NGS was pathologist-initiated for the specific purpose of
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excluding melanoma. We included cases with provisional diagnostic terms of either AFX, PDS,
undifferentiated carcinoma, DM or UM, as well any other cases with descriptive terms relating to an

‘undifferentiated,” ‘sarcomatoid,” ‘spindle cell,” ‘pleomorphic’ or ‘unclassifiable’ cutaneous tumor.

We excluded cases that were ultimately diagnosed as secondary melanoma, carcinoma, or another
tumor based on a history of a relevant prior tumor, either by clinical history alone or by comparable
morphology, immunohistochemistry, and/or molecular phenotype. We also excluded DMs with a
recognizable conventional component, such as melanoma in situ, melanin pigment, or any areas of
convincing (strong) expression of Sox10, S100, melanA, or HMB45. We limited our cohort to

cutaneous (dermosubcutaneous) tumors and excluded deep soft tissue tumors.

Clinicopathological data collection

We recorded clinical and demographic data for all patients, including age, sex, body site, presence
and severity of chronic sun damage (CSD), and biopsy type. We noted provisional diagnoses prior to
the molecular workup. Where data were available, we recorded the tumor cell type, tumor

(Breslow) thickness, and mitotic rate (per mm2).

Immunohistochemical features

We recorded the expression patterns of immunohistochemical stains, including the four principle
melanocytic markers (S100, SOX10, HMBA45, and Melan-A), as well as other lineage markers used in
diagnosis, such as PRAME, epithelial stains, mesenchymal markers, and CD10. Specifically, there was
no convincing staining with melanocytic markers, or only very focal (up to 5%) and weak positivity
with one or two of these markers. We included only those cases in which convincing markers of

another lineage were negative.

Molecular Analysis
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Molecular analysis of three MAPK pathway driver genes frequently seen in melanoma (BRAF, NRAS,
and KIT) was performed in all cases, as well as GNAQ and GNA11 in all but two cases. NF1 was not

included in the panel.

DNA was extracted from macro-dissected FFPE tumor tissues using a QlAamp® DNA FFPE Tissue Kit

(Qiagen®).

In 35 cases, targeted sequencing of clinically relevant biomarkers was performed using the
Oncomine™ Precision Assay (OPA) on an lon Torrent™ Genexus™ System (Thermo Fisher Scientific
Inc.). Primary sequencing analysis, read alignment, and variant calling were performed using lon
Torrent Genexus Software v6.2.1. The gene panel included clinically relevant small DNA variants in
45 genes (AKT1, AKT2, AKT3, ALK, AR, ARAF, BRAF, CDK4, CDKN2A, CHEK2, CTNNB1, EGFR, ERBB2,
ERBB3, ERBB4, ESR1, FGFR1, FGFR2, FGFR3, FGFR4, FLT3, GNA11, GNAQ, GNAS, HRAS, IDH1, IDH2,
KIT, KRAS, MAP2K1, MAP2K2, MET, NRAS, NTRK1, NTRK2, NTRK3, PDGFRA, PIK3CA, PTEN, RAF1, RET,
ROS1, SMO, TP53) and CNVs in 14 genes (ALK, AR, CD274, CDKN2A, EGFR, ERBB2, ERBB3, FGFR1,

FGFR2, FGFR3, KRAS, MET, PIK3CA, PTEN).

In two cases, amplicon-based NGS of BRAF (exons 11 and 15), NRAS (exons 2, 3, and 4), KIT (exons
11, 13, and 17), and TP53 (exon 6) genes was performed, followed by targeted sequencing on an

[llumina MiSeq™, 2x150bp. Aligned reads and called variants were analyzed using PathOS v1.5.

Statistical Analysis

Statistical analysis was performed independently by two authors (LJ and SL), using Fisher Exact test

for categorial variables and Mann-Whitney test for continuous variables.

Ethics
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All procedures were performed in compliance with relevant laws and institutional guidelines, and
the project was approved by the institutional ethics review committee (ethics approval reference

number 24/77R, approval granted May 22, 2024).

Results

Cohort characteristics

We identified 110 cases that matched our diagnostic terminology inclusion criteria, of which 44 had
undergone molecular sequencing. Seven cases were excluded from this group after their tumors

were confirmed to be either recurrent or metastatic (melanoma, carcinoma, or leiomyosarcoma) on
clinical history. Of the 37 final cases, 54% (20/37) were externally referred and 46% (17/37) were in-

house referred.

Clinicopathological features of whole cohort

The clinicopathological features of all cases are presented in Table 1. The mean age of all patients

was 77 years (median, 78, range 46-89) and 89% (33/37) were male.

The specimen types were mostly complete excisions (28/37; 76%). All punch and shave biopsies
(9/37, 25%) ultimately underwent complete resection, in which no lineage-specific features were

identified.

The tumor site was most frequently the head and neck (31/37, 84%), with occasional cases on the
trunk (3/37, 8%), lower limb (2/37, 5%), and upper limb (1/37, 3%). Almost all tumors showed

moderate-to-severe chronic sun damage (CSD) (34/37, 92%).

Prior to molecular work-up, cases were classified in one of five broad categories, including
‘undifferentiated spindle cell tumor’ (10/37, 27%), ‘PDS or favor PDS’ (10/37, 27%), ‘undifferentiated
sarcomatoid tumor’ (9/37, 24%), ‘AFX or favor AFX’ (5/37, 14%) or ‘undifferentiated epithelioid

tumor’ (3/37, 8%).
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Immunohistochemistry of whole cohort

Most cases (78%, 29/37) were evaluated using four melanocytic stains (Sox10, S100, melanA, and
HMB45); nine cases (24%) were evaluated using only three (S100, Sox10, melanA); two (5%) were

evaluated using only two markers (5100 and Sox10).

Of all cases, six (16%) showed weak staining of a melanocytic marker in up to 5% of cells, which was
initially considered insufficient for a confident diagnosis of DM (Figure 1). These were: three cases

with S100, one case with S100 and HMB45, one case with Sox10 and S100, and one case with Sox10.

PRAME staining was performed in 19 patients (51%), of whom 13 showed staining of either weak or
moderate intensity (11 focal, 2 diffuse). PRAME positivity was not considered sufficient for the

definitive diagnosis of melanoma.

Molecular profiling and melanoma reclassification rate

Information on the molecular analysis is presented in Table 2. We identified a MAPK pathway-
related driver variant in seven cases (7/37, 19%), including NRAS (5/37, 14%), KIT G827R (1/37, 3%),
and GNAQ R183G (1/37, 3%). NRAS variants included one case each of G12S, G12D, Q61R, Q61K, and

Q61L.

As a result, seven cases (19%) were ultimately reclassified and clinically managed as melanoma.

Because of the absence of any melanoma MAPK driver variants, two cases were ultimately regarded
as sarcomatoid SCC based on very focal epithelial marker expression (which, in the absence of
keratin expression, had been considered potentially aberrant on initial examination), and one was

ultimately regarded as myxofibrosarcoma instead of PDS owing to its prominent myxoid stroma.

TP53 variants were detected in 11 cases (21/37; 57%). Three of these variants were observed
alongside melanoma MAPK variants (two cases with concurrent NRAS and one case with GNAQ). In
most other TP53 positive cases, they were ultimately classified as either AFX or PDS, except in one

case that was reclassified as dedifferentiated SCC. When considering the final diagnostic groups, the
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frequency of TP53 variants was 57% (4/7) among AFX cases, 55% (11/20) among PDS cases, and 43%

(3/7) among melanoma cases.

We noted two cases of concurrent TP53 and ATK1 variants. We found only one instance of an HRAS
variant in one of the cases ultimately classified as a dedifferentiated carcinoma. BRAF and GNA11

variants were not identified in this study.

Clinical characteristics of melanoma versus non-melanoma groups

The mean age of the patients with tumors ultimately classified as melanoma was 77 years (median,
84 years; range, 55—89 years). Most patients were male (6/7, 85%), and the tumors were mostly
located on the head and neck (6/7, 86%). These characteristics were similar to those of the non-
melanoma group, with no statistically significant differences in age, sex, tumor site, or presence of

CSD (Table 3).

Pathological findings of melanoma versus non-melanoma groups

Compared to cases without a melanoma driver variant, reclassified melanomas were significantly
more likely to show epithelioid, or mixed epithelioid and spindle, cell types (86% vs. 34%, p = 0.008).
Melanoma cases as a cohort were significantly thicker than the rest of the cohort (16.3 mm versus
9.25 mm, p = 0.041 Mann-Whitney), however there was no significant difference in mean mitotic

rate (11.8/mm2 versus 20.2/mm2, p = 0.105).

Immunohistochemistry features of melanoma versus non-melanoma groups

Reclassified tumors were regarded as DM (3 cases) if they showed any expression of Sox10, S100,
melanA, or HMB45, and otherwise as UM (four cases) with no positivity. Reclassified melanoma
cases were more likely to show at least focal expression of Sox10, S100, or HMB45 (43% versus 7%, p

= 0.037). In 2 cases with sparse S100 staining, a melanoma driver variant was not identified.

When the five cases with any expression of Sox10, S100, HMB45, and melanA were excluded from
the analysis, the rate of reclassification to UM was 12.5% (4/32).
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There was no statistically significant difference in PRAME expression between the two groups, with
57% (4/7) of melanoma-variant cases and 30% (9/30) of non-melanoma-variant cases showing at

least some level of PRAME staining (p = 0.113).

Discussion

Although the role of molecular testing in the differential diagnosis between primary sarcoma and
metastatic melanoma has been investigated in deep soft tissue tumors, there is a paucity of data on
the role of molecular analysis in differentiating difficult-to-classify primary cutaneous tumors.(7-15)
Many of these studies are single-case studies.(13-15) Only one larger series of 11 cutaneous cases
has been reported, all of which were DMs (not UMs) that included both conventional melanoma and

either dedifferentiated or divergent areas.(12)

Therefore, this study is the first substantial and systematic study to specifically consider the utility of
molecular analysis for superficial cutaneous tumors, where the differential diagnosis is between
UM/DM, AFX, PDS, and/or other rare sarcomatoid tumors. Based on the concept of defining
melanoma by the presence of characteristic MAPK driver variants, which is underpinned by our
knowledge of melanoma plasticity and its ability to dedifferentiate(1,16,17), we re-assigned 19.4% of
cases as melanoma. The variants identified were NRAS, KIT and GNAQ, with a notable absence of any
BRAF variants. This spectrum is consistent with high-CSD melanomas, which rarely harbor BRAF
p.V60OE variants and more commonly show activating variants of NRAS or KIT.(18) One case showed
a GNAQ variant, which was a clinically amelanotic tumor with a predominantly epithelioid cell
phenotype. GNAQ variants are hallmarks of uveal melanomas and the blue nevus-like melanoma

group, and both groups show a spectrum of epithelioid and spindled morphologies.(19,20)

The validity of defining undifferentiated melanoma by the presence of a MAPK variant, and the
corollary of using this genomic information to exclude AFX or PDS, is an important question. Large
cohort studies of conventional melanoma have established the mutational landscape of melanoma,

which is enriched for MAPK variants in BRAF, NRAS, KIT, GNAQ and GNA11.(21) Similar genomic
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results have been found in studies where differentiated melanoma has been observed alongside
either immunohistochemically-negative tumour or heterologous elements (8,12,14). In contrast,
studies of confidently diagnosed AFX and PDS typically lack these variants, with PDS more commonly
harboring TP53 and NOTCH variants, and occasionally HRAS and KRAS.(22-24). Other genomic
features, such as high tumor mutational burden, UV signature, TERT promoter mutations and
CDKN2A variants, are not discriminatory as they are frequently reported in each of AFX, PDS and
melanoma.(22,23,25) The above epidemiological and biological data have helped to define BRAF,
NRAS, KIT, GNAQ and GNA11 variants as the characteristic genotype of melanoma, and this is the

convention we have followed in this study.

Similar to our findings among cases of the skin, Cipriani et al reported that 21% of soft tissue
‘sarcomas’ and patients with a history of melanoma harbored a BRAF variant, which contrasted with
the absence of BRAF variants in their control group of 90 sarcoma patients without a history of
melanoma.(11) Kasago et al studied 19 cases of deep (soft tissue-located) UM/DM initially reported
as unclassified or undifferentiated malignant neoplasms or sarcomas that were submitted for
targeted next-generation sequencing (NGS).(9) These were re-assigned as UM/DM due to the finding
of melanoma driver variants (BRAF in 26%, NRAS in 32%, NF1 in 42%), in the presence of a UV
signature and high tumor mutation burden (TMB). In contrast, their control cohort of 15 UPS of soft
tissue lacked evidence of a UV signature and showed a dominant aging signature in 47% of cases
(7/15). Although a UV signature and clinical history can be helpful in distinguishing DM/UM from
UPS in soft tissue tumors, these features are of limited value when considering the differential
diagnoses of cutaneous melanoma, AFX, and PDS, where UV damage is common to all and they are
all potential primaries.(25) As discussed above, these tumours are also genetically similar in other

ways, sharing high rates of variants in TERT promoter and CDKN2A.(25)

NF1 alterations occur in approximately 20% of cutaneous (non-acral) major melanoma subtypes and

are enriched (40-90%) in sarcomatoid, dedifferentiated, or undifferentiated melanomas, and in half
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of desmoplastic melanomas.(9,12,21,26,27) Thus, it is possible that we failed to identify at least two
NF1 melanomas that had focal S100 staining without a variant, as supported by similar PRAME
staining in the two groups. However, as with Kasago et al., we are of the opinion that the presence
of NF1 variant is unlikely to be sufficient evidence to support a diagnosis of melanoma, since NF1

alterations are also frequently present in UM/DM, AFX, and UPS.(9)

Consistent with the known frequent TP53 variants in AFX and PDS(23), we identified TP53 variants in
just over half of our AFX and PDS cases. This rate is lower than that reported by other investigators
and likely reflects the limited coverage of TP53 by the OPA molecular panel used in our study.(23)
The finding of only a single HRAS variant in our cohort (in a case ultimately classified as sarcomatoid
SCC) supports the assertions of other investigators that RAS variants among AFX and PDS are

rare.(23).

Similar to other studies on UV-driven tumors, most of our cases occurred in elderly male patients
and on the head and neck (6/7, 86%), with only one case being from the trunk of a female
patient.(22) We observed that patient age, sex, tumor location, and mitotic rate were not
significantly different between melanoma and non-melanoma cases; therefore, these features are
unlikely to be discriminatory in elderly patients. Our findings also suggest that dedifferentiated and

undifferentiated forms of melanoma are more likely to occur in older age groups.

Tumors in the melanoma group were significantly thicker (mean 16.3 mm) than those in the non-
melanoma cohort (mean 9.25 mm). Our melanoma cases were also more likely to show epithelioid
cell morphology, suggesting that there should be a low threshold for molecular testing to exclude

melanoma when there is an epithelioid cell component in a very thick tumor.

Although at the time of initial diagnosis, we considered the amount of S100 and Sox10 staining in
our cases to be too weak and focal to confidently support a diagnosis of melanoma, our findings
suggest that any level of melanocytic marker staining is indicative of melanoma or that this finding

should at least prompt molecular testing. Thus we acknowledge that the two cases in our cohort

63



with sparse Sox10 +/- S100 that lacked BRAF/NRAS/KIT/GNAQ/GNA11 variants could still be DMs,
along with an unknown number of potential UMs in the ‘non-melanoma’ group that might be

identified with more comprehensive molecular testing.

Our findings do not imply that the rate of melanoma-associated variants among all AFX-like tumors
seen in routine practice is as high as that seen in our study. This is because our cohort was enriched
for difficult-to-classify tumors, and we specifically excluded cases with a ‘classical’ AFX-like
appearance (eg. a circumscribed dermal tumor with no involvement of subcutis and no necrosis).
When we consider the subset of AFX-candidate tumors in our cohort (which included 5 initially
classified as ‘favour AFX’; 2 as ‘undifferentiated spindle cell tumor’; and 1 as ‘undifferentiated
sarcomatoid tumor’) the frequency of finding a MAPK variant was lower (12.5%, 1/8) than the whole
cohort rate (20%). We recognise, however, that this is still likely be an overestimation of the rates
among all AFX-like tumors when strict diagnostic criteria are adhered to. A lower rate is certainly
more consistent with the historically low metastatic rates for AFX in routine practice. However, our
findings could explain the rare occurrence of metastasis in AFX. Rather than suggesting that
molecular testing should be performed in all AFX-like tumors, our findings support pathologists
having a low threshold for molecular testing of dermal-based sarcomatoid tumours that do not meet

strict AFX morphological criteria.

We acknowledge the effect of potential selection bias on our findings. Access to molecular testing
was improved during the latter part of the study period. Molecular testing was also not always
performed because of logistical or resourcing constraints, perceived lack of benefit, or
clinician/patient preference. Any bias was mitigated by the exclusion of unequivocal DM cases with a

known history of melanoma and cases with a pattern of disease thought likely to be melanoma.

We recognize that it may not always be appropriate for patients to undergo molecular sequencing,
particularly in partial biopsies. Partial biopsies may often suggest a diagnosis of AFX or PDS;

however, resection of the tumor can result in the identification of lineage-specific features, such as
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melanoma in situ, areas of invasive tumor that are reactive to melanocytic stains, or the presence of
keratinization and epithelial markers (to render a diagnosis of carcinoma). However, this study
supports the recommendation that a diagnosis of AFX or PDS should not be definitively rendered on

a partial biopsy since there is an inability to assess the entire tumor and adjacent skin.

In our cohort, all patients underwent either upfront excision or biopsy followed by excision. We
recognize that in many resource settings, re-assessment of the tumor on complete excision after a
partial biopsy may be a more judicious diagnostic approach than upfront molecular testing.
However, since excision margins and the role of sentinel node biopsy vary depending on the tumor

type, molecular testing may be considered even in partial biopsies depending on local resources.

The prevalence of AFX, PDS, and UM/DM is highest in countries with predominantly Caucasian
populations and high cumulative sun exposure. Therefore, these tumors frequently present a
diagnostic dilemma for clinicians and pathologists across North America, Australia and New Zealand.
Our findings support increased funding for molecular testing to improve the diagnosis and

management of patients with sarcomatoid tumors.

Conclusion

The diagnosis of a primary cutaneous sarcomatoid neoplasm is a frequent problem in clinical and
pathological practice, particularly in populations with a high tumor burden related to chronic UV
damage. In the absence of molecular testing, there is a risk that UM and DM will be underrecognized

and misclassified as AFX or PDS.

In our cohort, nearly 20% of patients with an immunohistologically unclassifiable cutaneous tumor
could be re-classified as having UM or DM after testing for MAPK pathway melanoma driver
variants, thereby introducing alternative management pathways. These variants were most
commonly NRAS and less commonly KIT and GNAQ. No cases of BRAF variants were found in our

cohort.
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Tumors with and without melanoma MAPK variants all had similar demographics, occurring in older
males on the head and neck. Therefore, the patient age, sex, and body site were not discriminatory.

Epithelioid cell type, thicker tumor, and equivocal Sox10 or S100 staining were the only indicators of

the presence of a melanoma driver variant.

Molecular testing of primary cutaneous sarcomatoid neoplasms, which are otherwise unclassifiable
by light microscopy and immunohistochemistry alone, has the potential to improve the detection of

UM and DM by identifying MAPK pathway-driver variants.
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Figure 1. Examples of tumours with similar mixed epithelioid and spindle cell phenotypes and

equivocal melanocytic marker expression patterns.

(A to C) Case 30. 74M skin tumour from lower neck. This ulcerated dermal tumour (A, H&E x12.5)
showed a mixture of epithelioid and spindle cells (B, H&E x200). Immunohistochemistry showed

sparse and weak staining of both S100 (C, $100 x40) and Sox10, and slightly stronger staining in a
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cluster of approximately 20 cells (arrow). This was considered insufficient alone to support a
diagnosis of melanoma, however the finding of NRAS Q61K variant by NGS ultimately supported this

tumour being dedifferentiated melanoma.

(D to F) Case 22. 84F skin tumour on buttock. This dermal-based tumour (D, H&E x20) showed mixed
epithelioid and spindle morphology (E, H&E x200) and patchy, weak S100 expression in tumour cells,
which contrasted with strong staining of dendritic cells (F, S100 x40). NRAS Q61R variant was

identified, and the tumour was ultimately classified as dedifferentiated melanoma.

(G to 1) Case 14. 87F skin tumour clavicular region. An ulcerated deep dermal tumour (G, H&E x12.5)
showed mixed epithelioid and spindle morphology (H, H&E x200), and equivocal (weak and sparse)
$100 expression (I, S100 x100). TP53 variant was identified in the absence of any targeted MAPK

pathway variants, and this case was finally classified as pleomorphic dermal sarcoma.
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Table 1. Clinicopathological characteristics of all cases

Characteristic No. of cases (n=37) %

Age (mean = 77, median = 78, range 46-89)

<40 0 0%
40-49 1 3%
50-59 1 3%
60-69 6 16%
70-79 11 30%
80+ 18 49%
Gender
M 33 89%
F 4 11%
Mitotic rate per mm2 Mean 13.4 (range 2 - 50)
Breslow thickness mm Mean 10.6 (range 1 - 42)
Biopsy type
Excision upfront 28 76%
Punch biopsy then excision 8 22%
Shave biopsy then excision 1 3%
Site group
Head and neck 31 84%
Trunk 3 8%
Lower limb 2 5%
Upper limb 1 3%
Chronic sun damage
Absent 3 8%
Present 34 92%
Initial diagnosis
Undifferentiated spindle cell tumour 10 27%
Favour pleomorphic dermal sarcoma 10 27%
Undifferentiated sarcomatoid tumour 9 24%
Favour atypical fibroxanthoma 5 14%
Undifferentiated epithelioid tumour 3 8%
Cell type
Predominantly spindle 21 57%
Mixed epithelioid and spindle 11 30%
Predominantly epithelioid 5 14%
No. of melanoma markers performed (S100, Sox10, MelanA, HMB45)
4 26 70%
3 9 24%
2 2 5%
No. of cases with any PRAME staining
Not done 18 49%
Any staining 13 35%
Negative 6 16%
PRAME staining - diffuse versus focal
Not done 18 49%
Focal 11 30%
Negative 6 16%
Diffuse 2 5%
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Table 2. Molecular results of all cases

Characteristic No. of cases (n=37) %
Variant
No variant detected 10 27%
TP53 9 24%
TP53 x2 4 11%
TP53, CDKN2A 2 5%
NRAS* 2 5%
NRAS, IDH1* 2 5%
AKT1, TP53 1 3%
HRAS 1 3%
TP53, AKT1 1 3%
GNAQ, TP53, CDKN2A* 1 3%
KIT, FGFR2, TP53* 1 3%
TP53 x2, CDKN2A 1 3%
NRAS, PIK3CA, TP53 x2* 1 3%
CDKN2A 1 3%
Melanoma driver variant (BRAF, NRAS, KIT, GNAQ, GNA11)
No variant detected 30 81%
Yes 7 19%
Final diagnosis
PDS 20 54%
AFX 7 19%
Melanoma 7 19%
Dedifferentiated SCC 2 5%
Myxofibrosarcoma 1 3%

*Indicates cases ultimately re-classified as melanoma based on molecular findings.
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Table 3. Comparison of clinicopathological characteristics of melanoma
patients for discordant PM and LNM samples

Melanoma driver Melanoma driver
Characteristic mutation found % mutation not % p-value
(n=7) found (n=30)
Age (years)
Mean 77 76 0.928
Sex
Male 6 86% 27 90%
Female 1 14% 3 10% 0.674
Biopsy type
Excision 7 100% 21 70%
Punch biopsy 0 0% 8 27% 0.440
Shave biopsy 0 0% 1 3%
Site group
Head and neck 6 86% 25 83%
Trunk 1 14% 2 7%
. 0.745
Lower limb 0 0% 2 7%
Upper limb 0 0% 1 3%
Breslow thickness
Mean (range) 16.3 mm (3 - 40) 9.25 mm (1 - 42) 0.041
Mitotic rate (per mm2)
Mean (range) 11.8 (2- 45) 20.2 (2 - 50) 0.105
Cell type
Spindle 1 14% 20 67%
Epithelioid and spindle 3 43% 8 27% 0.008
Epithelioid 3 43% 2 7%
Any expression of S100, Sox10, HMB45,
melanA
Yes 3 43% 2 7%
No 4 57% 28 93% 0.037
PRAME expression (any)
Yes 4 57% 9 30%
No 2 29% 4 13% 0.089
Not done 1 14% 17 57%
PRAME expression (any)
Diffuse 0 0% 2 7%
Focal 4 7% 7 23%
ocal . 57% 3% 0113
Negative 2 29% 4 13%
Not done 1 14% 17 57%
Chronic sun damage
Present 6 86% 28 93%
0.478
Absent 1 14% 2 7%
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MOLECULAR TESTING FOR MELANOMA AND ITS MIMICS

CHAPTER 6: MOLECULAR TESTING IN CHALLENGING MELANOCYTIC LESIONS OF
THE SKIN

Overview: Naevoid melanomas (NM) are subtle melanomas that morphologically simulate naevi and
are prone to under-diagnosis in both clinical and histopathological practice. Conversely, certain types
of naevi, such as mitotically active naevi of pregnancy (MANP), are sometimes confused for NMs and
therefore over-diagnosed. There is value in directly comparing the molecular features of these

challenging tumours to determine if ancillary molecular information can improve their diagnosis.

Specific aims: To compare the variety and differences of hotspot variants and noncoding mutations

harboured in a cohort of NMs and MANPs.

Contribution to literature: This is a forerunner study that considers the role of molecular testing for

an oft-recurring diagnostic dilemma related to over- and under-diagnosis in dermatopathology.
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Molecular Profiling of Noncoding Mutations
Distinguishes Nevoid Melanomas From Mitotically
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Abstract: The accurate recognition of subtle melanomas and their
distinction from benign mimics is an oft-recurring diagnostic prob-
lem, critical for patient management. Melanomas that bear resem-
blance to benign nevi (so-called nevoid melanomas, NMs) and
benign mitotically active nevi in pregnancy (MANP) are 2 lesions
particularly prone to error. Molecular data, including analysis of
noncoding regions, in MANP and NM are very limited. This study
sought to identify differences in clinical, pathologic, and molecular
characteristics between MANP and NMs to facilitate correct diag-
nosis and reduce the risk of overtreatment or undertreatment.
Clinicopathologic characteristics of NM (n=18) and MANP
(n=30) were evaluated, and mutation data were analyzed using
next-generation sequencing for available cases in each group (NM,
n=S8; MANP, n=12). All MANP showed innocent histopathologic
characteristics apart from increased mitotic activity, frequently in
both superficial and deep parts of the lesion (median dermal mitotic
rate: 2/mm?, range: 1 to 7/mm?). All cases of NM demonstrated
a characteristic nevoid silhouette, subtle atypical architectural and
cytologic features, and variable mitoses (median mitotic rate: 3/mm?,
range: 1 to 5/mm?). Median NM tumor thickness was 1.4 mm. Four
of 10 NM patients with follow-up had metastatic disease, including
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3 patients who developed widespread metastases, with 1 disease-
related death. No other recurrences have been identified (follow-up
period: 24 to 60 mo). None of the 15 MANP patients with available
follow-up had a recurrence. Most NMs harbored hotspot mutations in
NRAS (6/8, 75%). Noncoding mutations were significantly more
common in NMs than in MANP (median: 4 vs. 0, P=0.0014). Copy
number alterations were infrequent but, when present, were seen in
NMs (3/8 NMs vs. 0/12 MANP). All NMs but only 1 of 12 MANP
had >1 abnormality in the noncoding regions. Similar to conven-
tional common acquired nevi, MANP mostly harbored driver BRAF
mutations, while activating NRAS mutations, noncoding mutations,
and copy number alterations were rare. NM and MANP have subtle
but recognizable distinguishing histopathologic characteristics that are
underpinned by molecular differences. Mutation analysis of targeted
noncoding mutations may assist in the diagnosis of difficult lesions.

Key Words: melanoma, nevus, noncoding mutations, pregnancy,
molecular profile, pathology, diagnosis, NRAS, BRAF, prognosis,
treatment

(Am J Surg Pathol 2020;44:357-367)

he accurate diagnosis of subtle melanomas and benign

mimics of melanoma is a difficult area in both clinical and
histopathologic practice. Melanomas that bear resemblance to
benign nevi (so-called nevoid melanomas, NM) and benign
mitotically active nevi in pregnancy (MANP) are 2 such groups
of lesions that frequently cause diagnostic difficulty.

NMs are bona fide melanomas that morphologically
simulate nevi and are associated with a risk of underdiagnosis.
To this end, the entity has also been referred to as “minimal
deviation melanoma,” “lawyer’s melanoma,” or “a diagnosis
of a nevus that you later regret,” as they are often not diag-
nosed prospectively and come to attention only after meta-
stasis has occurred. Consequently, they are a frequent source
of medicolegal action.!? The histopathologic features of NM
have been documented in prior studies and 2 major subtypes
have been recognized: the maturing nevoid phenotype and the
papillomatous phenotype.'® Few studies of their molecular
features have been undertaken; however, and as far as we are
aware, no prior published study has systematically evaluated
noncoding mutations in them.” 1!
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In contrast, it is recognized that, in certain circum-
stances, benign melanocytic nevi may have atypical clinical
and/or histologic features that risk overinterpretation as
melanoma. Examples of this phenomenon include nevi oc-
curring on special sites such as acral skin or along the em-
bryological milk-line, and nevi influenced by pathologic,
environmental, or physiological changes such as trauma, re-
cent intense UV exposure, and pregnancy.!>!3 Changes in
nevi during pregnancy have been addressed in several studies,
most of which have focussed on their clinical features.
Characteristically, there is an increase in size or change in
pigmentation.'>20 Histopathologic studies analyzing such
lesions are few, and these have documented the occasional
presence of mitotic activity. In cases referred to us in con-
sultation, we have seen otherwise typical compound nevi with
frequent dermal mitoses, a feature that has raised concern for
NM. In some cases, a history of concurrent pregnancy was
not provided to the pathologist until this information was
specifically sought from the clinician by the pathologist. The
few pathological studies of MANP individuals that have been
undertaken have generally focussed on histopathological
features only, as well as immunohistochemical markers®!-?2;
very limited research has evaluated the differences between
mitotically active nevi in the general population and
melanomas.®1418:20.23-25 Although fluorescent in situ hybridi-
zation (FISH) differences between MANP have been descri-
bed® in a few cases, there have been no dedicated molecular
studies of mitotically active nevi in the setting of pregnancy
published to date, as far as we are aware.

Recent studies have shown that nevi can acquire
mutations in a stepwise fashion that results in their pro-
gression to melanoma.?®?” Dominant driver mutations
such as BRAF and NRAS occur early in nevi and, in most,
are their only oncogenic mutation.?®2? Interestingly, some
of the early to intermediate mutation events in the trans-
formation of nevi to melanomas occur in noncoding,
promoter regions of the telomerase reverse transcriptase
(TERT) gene, which maintains telomere length.?® This is
followed by the acquisition of additional loss of function
mutations affecting the critical tumor suppressor proteins
PTEN, TP53, and CDK2NA.?%27-30 Our research recently
described the protein-coding and non—protein-coding
mutations that are frequently present in a range of mela-
noma subtypes.3! The findings suggested that the presence
or absence of coding and noncoding mutations could be
used to aid the pathologic diagnosis of difficult lesions.

Accurate diagnosis of NM and MANP is of great
practical importance not only to reduce the risk of
overtreatment or undertreatment, but also because it is es-
sential if optimal patient outcomes are to be achieved. This
study sought to identify differences in clinical, pathologic,
and molecular characteristics between NM and MANP,
which may assist in their accurate pathologic diagnosis.

MATERIALS AND METHODS

This study was conducted with Human Research
Ethics Committee approval (The Sydney Local Health
District Human Research Ethics Committee, Protocol
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FIGURE 1. A-D, 55 year old female; left shoulder (patient case T—NM). This NM shows apparent maturation with depth. However,

the presence of expansile, sheet-like growth of the dermal component, elongated rete ridges, deep mitotic figures, asymmetry, and
cytologic atypia at high power indicate a diagnosis of NM (hematoxylin and eosin stain).

No. X15-0454 and HREC/11/RPAH/444). The archives of
the Department of Tissue Pathology and Diagnostic On-
cology at Royal Prince Alfred Hospital, Sydney, and
consultation files of 2 of the authors (S.W.M. and R.A.S.)
were searched for cases of NM and melanocytic lesions
from women who were either pregnant or up to 6 weeks
postpartum, accessioned between 2003 and 2016. All cases
were reviewed by at least 2 of the authors to confirm the
diagnosis. Confirmed NMs and nevi from pregnant
women that demonstrated mitotic activity were selected for
further study, and follow-up data were sought. A detailed

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

assessment of the clinical and pathologic features of each
case was performed, including the evaluation of any
available immunohistochemical stains. Cases for which
paraffin-embedded tissue was available underwent molecular
analysis.

DNA Extraction

Tumor-enriched DNA was extracted from archival
formalin-fixed biopsies using the High Pure FFPET DNA
Isolation Kit following the manufacturer’s protocols
(Roche). DNA quality was assessed using a quantitative
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FIGURE 2. A-D, 19 year old male; right lower leg (patient case 5—NM). This NM shows both apparent symmetry and maturation with
depth. However, the dermal component shows sheet-like growth, and, at higher power, there is significant cytologic atypia, and mitotic

activity is present (hematoxylin and eosin stain).

polymerase chain reaction, presequencing quality control
assay (PreSeq DNA QC assay; ArcherDX).

Next-generation Custom Amplicon Sequencing
All recurrently mutated coding and noncoding genes
discovered in our previous whole-genome sequencing of
a large cohort of melanomas were designed into a custom
next-generation sequencing (NGS) panel in the Archer
Assay Designer (ArcherDX).3! The panel covers coding
mutations in ARID2, BAPI, BRAF, CDKN2A, EZH?2,
GNAII, GNAQ, HRAS, KIT, KRAS, MAP2KI, MAP2K2,

360 | www.ajsp.com

NFI1, NRAS, PPP6C, PTEN, RACI, RAFI, RBI, SF3BI,
TERT, and TP53, along with noncoding hotspots in AP3DI,
ARHGEFIS, BLCAP, CI60ORF59, CDC20, CHCHD2,
DHX16, DPH3, ERGIC3, FTHI, HSBPI, KBTBDS,
MRPS31, MRPS33, NFKBIE, NSUN6, PESI, RALY,
RNFIS85, RPLI3A, RPLIS8A, RPL29, RPL34, RPSI4,
RPS27, SLC3046, SMUGI, SWI5, SYF2, TERT, UBXNS,
YAEIDI, and ZNF778. Subsequent sequencing libraries
were prepared following the Archer VariantPlex Somatic
Protocol for Illumina and barcoded using the molecule-level
barcoding (or unique molecule identifier tagging, ArcherDX).

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.
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Libraries were pooled and loaded, and sequencing was per-
formed using the Miniseq Illumina sequencer using high-
output reagents.

Sequence Alignment and Variant Calling

The Illumina Local Run Manager Analysis Service
1.3.0.1 was used to generate FASTQ files, and they were
processed using the VariantPlex Archer Analysis Pipeline
v5.1.8. Sequences were aligned to the hgl9 reference ge-
nome, and somatic variants were called using Freebayes
and Lofreq and the duplicate calls merged in the Archer
Analysis 5 software. The quality of the sequencing data
was assessed as the number of unique start sites (from
DNA and ambiguous reads) calculated per GSP2 (across
the entire panel). Samples with a sequence or variant score
of <50 for average unique DNA were excluded from
further analysis as per the manufacturer’s guidelines.
Subsequently, variants were filtered using the sequencing
metrics of the annotated variant call file for a total unique
start sites and reads supporting the variant (unique alter-
native observations and alternative observations) of >S5,
allele frequency of > 0.2, read depth of > 30 and call that
strand bias was not detected. Remaining variants were
annotated using the Cancer Genome Interpreter to predict
the functional significance of the variants and produce the
mutation annotated file.

RESULTS

Clinicopathologic Features of NMs

Eighteen cases of NM were identified. The mean age
was 46 years (range: 17 to 83 y). Lesions were located on the
upper extremity (4/18, 22%), head and neck region (3/18,
17%), lower extremity (3/18, 17%), and trunk (4/18, 22%).
The anatomic site was unknown in 4 cases (27%). Median
Breslow thickness was 1.4 mm (range: 0.6 to 2 mm). Mitotic
activit;/ was present in all cases (median dermal mitotic rate:
3/mm?°, range: 1 to 5/mm?). The clinicopathologic features of
the 8 NM cases that underwent molecular testing are pre-
sented in Table 1. All cases demonstrated a nevoid silhouette
showing resemblance at low-power magnification to a benign
nevus. Despite the appearance of a fair degree of symmetry

and no or very limited pagetoid epidermal invasion, all cases
included >3 of the following features: subtle asymmetry,
expansile or sheet-like growth of the dermal component,
subtle but significant cytologic atypia (usually mild but
occasionally moderate) in the dermal component, elongated
long thin rete ridges, incomplete or absent maturation of the
dermal component, and multiple dermal mitoses (Figs. 1, 2).
Prominent pagetoid spread or confluent junctional
lentiginous architecture was absent. There was a mild
lymphocytic  infiltrate associated with the dermal
component in 1 case; an accompanying inflammatory cell
infiltrate was lacking in all other cases. All patients were
treated with wide local excision. Of the 10 patients with
available follow-up, 1 patient had involvement of a sentinel
lymph node, and 3 other patients developed widespread
metastatic disease, including 1 patient who died of
melanoma. No recurrent disease was identified in any other
patient (follow-up: 24 to 60 mo).

Clinicopathologic Features of MANP

We identified 30 cases of MANP that had >1 mi-
totic figure in the dermal component of the lesion (median
dermal mitotic rate: 2/mm? range: 1 to 7/mm?). These
cases accounted for an overall 48% of all benign nevi from
pregnant women during the search period (30/62). The
mean age of the MANP patients was 31 years (range: 18 to
45vy), and this was comparable to the mean age for the
entire cohort of pregnant patients with biopsied melano-
cytic lesions (32y, range: 18 to 45y). Where known, the
median gestational age for patients with a MANP was 26
weeks (range: 6 to 38 wk). Three patients were up to 6
weeks postpartum. In 15 patients with available follow-up,
there have been no reports of recurrence or metastatic
disease (follow-up period: 2 to 14 y). The clinicopathologic
features of the 12 MANP cases that underwent molecular
testing are presented in Table 2.

The anatomic sites of the lesions were the trunk (16/
30, 53%), lower extremity (4/30, 13%), upper extremity (4/
30, 13%), head and neck (3/30, 10%), vulva (2/30, 7%), or
unknown (1/30, 3%). The clinical indication for excision
was most commonly an increase in size of the lesion or
change in pigmentation, usually darkening. The most

TABLE 2. Key Clinicopathologic Characteristics of MANP That Underwent Mutational Analysis

Dermal Mitotic

Case No. AgelSex Site Gestation (wk) Clinical Information Diagnosis Rate (jmm?)
9 19/female Vulva Postpartum Atypical vulval polyp Combined nevus 3
10 27/female Right knee Unknown Darkening Combined nevus 2
11 27/female Mid sternum chest 30 Increasing size Dermal nevus 3
12 27/female Lower abdomen Unknown Pigmented lesion Compound nevus 2
13 31/female Abdomen Unknown Nevus with keratosis Compound nevus 2
14 33/female Right breast 18 Increasing size Compound nevus 1
15 31/female Back 15 Enlarging Compound nevus 2
16 33/female Right fourth toe 17 Atypical lesion Compound nevus 1
17 27/female Right breast 32 Enlarging Compound nevus 3
18 30/female Abdomen 38 Mole at site of pfannenstiel Compound nevus 1
incision removed at caesarian section
19 39/female Left forearm 28 Pink papule Compound nevus 1
20 32/female Right forearm Postpartum, lactation Dermatofibroma Dermal nevus 2

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

www.ajsp.com | 361

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.



Jackett et al

Am | Surg Pathol ¢ Volume 44, Number 3, March 2020

common histologic subtypes were conventional compound
or dermal nevi (22/30, 70%) while the other lesions were
combined nevi (4/30, 13%), genital nevi (2/30, 7%), a deep
penetrating nevus (1/30, 3%), and a dysplastic compound
nevus (1/30, 3%). In all cases, apart from low-grade mi-
totic activity (median dermal mitotic rate: 2/mm~, range: 1
to 7/mm?), the lesions showed benign characteristics in-
cluding symmetry, maturation of the nevus cells with
depth in the dermis, at most mild to moderate cytologic
atypia in the dysplastic nevus and absent severe cytologic
atypia, expansile and sheet-like growth of the dermal
component, and absent confluent lentiginous growth and
pagetoid invasion of the epidermal component. Mitotic
figures were frequently located in both superficial and deep
portions of the nevus (Figs. 3, 4).

Molecular Features of MANP and NM

A total of 8 cases of NM (Table 1) and 12 cases of
MANP (Table 2) had adequate tumor tissue available for
DNA extraction and passed sequencing data quality
controls. Mutation data are provided as an oncoplot in
Figure 5A.

Six of 8 NM cases (75%) showed a known driver
mutation of NRAS (3 cases with Q6/R, 2 cases with
061K, 1 case with GI3R). One of the cases with NRAS
Q61K carried a concurrent BRAF mutation; however, this
was a non- V600 passenger mutation (G466 E). Three copy
number alterations were detected, all loss of copy number,
and all occurred in CDK2NA (n=2, Fig. 5B) or TERT
(n=1) in NM. Mutations in select noncoding regions were
present in all NM samples, with the most common events
occurring in the TERT promoter mutation (n=5/8, 63%),
as expected for cutaneous melanoma.’!

Ten (of 12) cases of MANP (83%) showed a BRAF
V600E driver mutation. A single case (patient 19; Fig. 4)
of a compound nevus harbored an NRAS Q61 R mutation,
a passenger mutation of NFKBIE and promoter mutations
of FLT3LG and ARHGEFIS8. Copy number alterations
were absent in the MANP group. Likewise, mutations in
noncoding regions of the genes of interest were infrequent,
with only FLT3LG being mutated in >1 (n=2) MANP.
TERT promoter was wild-type for all MANP cases.

The overall tumor mutation burden was significantly
higher in the NM compared with the MANP group
(P=0.0182, Fig. 5C). There were no significant differences
in the number of passenger or known melanoma driver
mutations (as detected by the Cancer Genome Interpreter)
between the 2 groups (Figs. 5D, E). However, there was a
significantly higher mutation count in the noncoding
region of the targeted genes (selected on the basis of their
known occurrence in melanoma) in the NM group
compared with the MANP group (P <0.0001, Fig. 5F).

DISCUSSION

The diagnosis of NMs and MANP remains chal-
lenging in both clinical and histopathologic practice. It is
the authors’ experience that the presence of mitotic ac-
tivity in nevi that are biopsied during pregnancy (and
nonpregnant states) is occasionally a reason to seek a
second opinion, and reliance on this feature as the sole
marker of malignancy leads to the overdiagnosis of mel-
anoma. In contrast, failure to recognize subtle cytologic
and architectural features can lead to a failure to diagnose
NM and adverse patient outcomes. In our study, 89% (16/
18) of the NM and 87% (26/30) of the MANP were cases
referred from outside pathologists for a second opinion,
highlighting the fact that these cases remain difficult to
diagnose in everyday practice and are at risk of mis-
diagnosis. This selection bias probably underscores why
mitotically active nevi accounted for 48% of all benign
nevi from pregnant women in our institutional database
during the study period.

In our cohort of MANP lesions, the most common
reason for biopsy was a change in the size or pigmentation
of a preexisting nevus. This is in line with other studies that
have long concluded that pregnancy can induce a range of
skin changes, including color variation, growth, or altered
dermoscopic features of nevi.!314.18:20.23.3234 Thege changes
are possibly the result of melanocyte sensitivity to the al-
tered hormonal milieu of pregnancy or to the increased ty-
rosinase from human placental lipids.!”3>37 Recently, the
degree to which pregnancy induces changes in nevi has been
challenged.’® Nonetheless, several investigators report that
6% to 30% of pregnant women perceive a change in at least

TABLE 2. (continued)

Pagetoid Lentiginous Inflammatory Cytologic
Location of Mitoses Symmetry Regression Spread Proliferation Infiltrate Atypia
Superficial and deep Symmetrical Present Absent Present Absent Absent
Superficial only Mild Focal Focal Absent Patchy Spitzoid

asymmetry fibrosis population
Superficial and deep Symmetrical Absent Absent Absent Absent Minimal

Superficial and deep Symmetrical Absent Absent Absent Absent Mild

Superficial and deep Symmetrical Absent Absent Absent Absent Absent
Superficial Symmetrical Absent Absent Absent Absent Absent
Superficial and deep Symmetrical Absent Absent Absent Absent Absent
Superficial and deep Symmetrical Focal Focal Absent Absent Absent
Superficial and deep Symmetrical Absent Absent Minimal Absent Absent
Superficial Symmetrical Absent Absent Absent Absent Absent
Superficial Symmetrical Absent Absent Absent Absent Absent
Superficial and deep Symmetrical Absent Absent Absent Absent Absent
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FIGURE 3. A-D, 27 year old female; right breast (patient case 17—benign mitotically active nevus of pregnancy). The sections show a
compound melanocytic nevus with a polypoid appearance at low power. The nevus is composed of nests and sheets of bland nevocytes
showing maturation with depth and symmetry. There are occasional superficial and deep mitoses (hematoxylin and eosin stain).

1 mole, which is occasionally concerning enough to seek
medical attention.!*18:2023 Physiological changes in nevi
appear to be transient; however, there is consensus in the
literature that any lesion causing genuine concern for mel-
anoma should undergo prompt biopsy.!>3*3% Not all (and
possibly a minority of) clinically altered nevi occurring
during pregnancy show atypical features from a histologic
standpoint; however, an increase in mitotic activity is, in our
experience, an occasional finding.>*3® Our cohort of MANP
lesions was selected on the basis of the presence of mitotic
activity; similar to prior studies, mitotic activity in our

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

cohort was usually of a low rate but occasionally high (up to
7/mm?), and the nevi otherwise maintained innocent mor-
phologic characteristics.”2>2*

We identified activating BRAF V600E mutations in
83% of our nevus cases, which is similar to other studies of
conventional nevi.?$?° Our study, however, is the first to
document this finding in a group of mitotically active nevi.
Until now, only 2 published studies have examined the
molecular characteristics of mitotically active nevi using
FISH and/or comparative genomic hybridization.>!! One
of these studies undertook FISH analysis of 10 mitotically
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FIGURE 4. A-D, 39 year old female; left forearm (patient case 19—benign mitotically active nevus of pregnancy). The sections
show a predominantly dermal nevus composed of nests and sheets of bland nevocytes showing maturation with depth and
symmetry. There are occasional superficial and deep mitoses (hematoxylin and eosin stain).

active banal nevi from both men and women (including 3
pregnant patients) and 10 NMs.? The investigators found
no chromosomal copy number changes in any of the mi-
totically active nevi, but there were consistent aberrations
of chromosome 6 and/or 11 in the NM group.” Likewise,
our study only found copy number alterations in the NM
cases; however, the sensitivity of the targeted NGS panel
to detect copy number variations (CNVs) is much lower
than FISH. Indeed, most of the NMs in our study lacked
CNVs, and relying on molecular adjunctive testing based

364 | www.ajsp.com

solely on CNV may underdiagnose some NMs. This could
be due to the single cell analysis of FISH detecting minor
clones compared with the NGS. Furthermore, our NGS
panel did not cover the centromere region CEP6, which
could be included to further improve the copy number
detection rate of the NGS panel in NM.

One MANP case showed NRAS Q61R mutation with
passenger mutations of NFKBIE and BAPI and promoter
mutations of FLT3LG and ARHGEFIS8 (patient 19). This
case was a compound nevus (Fig. 4). The finding of a single

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.



Am | Surg Pathol » Volume 44, Number 3, March 2020

Molecular Profiles of Melanomas and Nevi

Mutation count >
N s o oo

35% [N N I
25% [ ] I .

20%

20%

oo [ mE [

5%

5% [ |

5%

10%

25% -----I:I

25% [

200 [

10% [N

10% | ]

10% [

L | |

10% ]

5% [ |

5% —

5% ]

s

5% -
L

5% ]

5%

T N sample_Type

Normalised Log2 Value

e

: II.I-.I- ] [ .

55% ----------

Alteration impact
M Driver_Mutation
Passenger_Mutation
B Non-coding_Mutation
B Multi_Hit
O Copy number _Loss

BRAF
NRAS
MAP2K1
BAP1
NFKBIE
CDKN2A

| 11 ©
o

I £

>

®

3

chr1 chr3 chrd chr7 chrg8 chr9 chr10  chr11
chr2 chrs

Chromosome, Position

I 1Ras
NF1 C15 - Total mutation load
KIT p = 182e-004
ARID2 c .
TERT . § 10
|| e N 2
swuct [ § . .
AP3D1 [ ] £ 59 ofe
| ] arHGer1s [l = $ e
CCNF [ ] o
DPH3 |} & \58
rrLisA [l é
RPS27 [ ] D
2;272? = T 254 Passenger mutation count
-3
BEST1 ] § 2.0 coee
a
sicar 8 15
rNFiss [l £ 107
Wi
sws § o5
§ ool
e ~ w»w o g HMANP ENM g
-0 T T 2 .05
\\ ‘&v
Gene @ 5 Driver mutation count
[ ARID2 o
H BAP1 gz 4 oo
BRAF z
CCND1 £ 3 (3 -
CDK4 3
CDKN2A 2 2
ZH2 § R
GNAQ s 1 ose esraiosse
HRAS 3
KIT =, h—
KRAS RS Q
H MAP2K1 S v?
MDM2 ~
MYC
NF1 F
u g?éNs _ Non-coding mutation count
RAC1 210 p = 7.938e-005
RAF1 3
RB1 g 8 .
1 SF3B1 £ 6
TERT £
TP53 € 4 0
3
chr12 chr13 chr17 S
chr1s e 2 e °
2o watess
R
=

FIGURE 5. A-F, Oncoplot and mutational counts for 8 cases of NM (cases 1 to 8) and 12 cases of MANP (cases 9 to 20).
A, Oncoplot showing somatic mutations present in known melanoma oncogenic drivers and noncoding promoters. B, An example
of copy number loss at the CDKN2A locus in a patient with NM (case 5). Comparison of somatic mutation counts between NM
cases and MANP, for total mutation burden (C), passenger mutation (D), driver mutation (E), and noncoding mutation (F) counts.

acquired nevus case with an NRAS mutation (1/12; 8.3%) is
consistent with other studies that have found NRAS
mutations in up to 20% of conventional acquired nevi.>*4
The presence of 2 promoter mutations in benign acquired
nevi, as seen in this case, has been demonstrated previously
by our group using whole-genome sequencing.?’

There was also only 1 case of MANP with an HRAS
mutation and a passenger mutation in BAPI (case 20).
This case was a dermal nevus with banal congenital-type
features and no atypia apart from mitotic activity (2/
mm?). In contrast to our findings, HRAS mutations are
not commonly reported in conventional nevi but are noted
in up to 25% of Spitz nevi.3*4

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.

Our study identified mutations in the noncoding re-
gions of the genome as the most discriminating molecular
feature discriminating NM from MANP. Melanomas
have been shown to be enriched for mutations in non-
coding transcription factor binding sites, at least partially
due to reduced ability to complete DNA repair in these
regions.*! Cutaneous malignancies such as melanoma
are further enriched for noncoding mutations in ETS
transcription factor binding sites as a result of UV
mutagenesis,*>* in turn due to binding of ETS tran-
scription factors, irrespective of DNA repair status.**43
Therefore, the accumulation of mutations in certain non-
coding regions may identify lesions that have undergone
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mutagenic exposure and which have reduced rates of
successful DNA repair that potentially underlie their
pathogenesis as malignant lesions.

However, noncoding mutations in the promoter region
of TERT have been shown to be an early event in the onco-
genic transformation of nevi to melanoma, and many recent
studies have assessed the utility of TERT mutation detection to
aid in the diagnostic and prognostic assessment of melanocytic
lesions.2* Our study only detected TERT mutations in the
NM cohort, but mutations were not present in all NMs, and
we have previously shown that some melanoma subtypes
(particularly mucosal and acral) have a lower TERT mutation
frequency.’l We found that the presence of >3 noncoding
mutations alone can diagnose NM from MANP with 100%
specificity and 50% sensitivity. Therefore, mutation testing
with an expanded panel of frequently mutated noncoding re-
gions may have diagnostic utility for melanocytic lesions that
are difficult to classify as benign or malignant.

We recognize several limitations to our study. Ours
was a small cohort and quality tissue was only available
for a limited number of histologically suitable cases for
molecular analysis. Follow-up was limited. Our study also
used a custom amplicon NGS panel that is not commer-
cially available to other laboratories. The average age of
the MANP cases was younger than for cases of NM. This
is a potential confounder when considering the number of
noncoding mutations within the lesions, given the corre-
lation between stigmata of chronic UV exposure (such as
age, anatomical site, presence of solar elastosis) and
noncoding promoter mutation burden.*?

CONCLUSIONS

In our study of NMs and MANP, we showed a di-
chotomy of molecular findings. NRAS was the most com-
mon mutation in NM and was present in the majority of
cases (6/8, 75%). In contrast, NRAS mutations are much less
frequent in cutaneous melanomas of other types.>!*® Non-
coding mutations were largely restricted to NM, including
TERT mutations that were present in the majority of NMs
and absent in MANP. Copy number alterations were in-
frequent but, when present, were only seen in NM. Similar to
conventional nevi, MANP cases mostly harbored driver
BRAF mutations and activating NRAS mutations were rare.
Noncoding mutations and copy number alterations were also
rare in MANP. Accurate recognition of NM and MANP
requires close attention to histologic clues that may be de-
ceptively subtle. Our molecular findings confirm that these
groups of lesions are biologically separate and, when present,
noncoding mutations and copy number alterations are largely
restricted to NMs. Detailed pathologic examination remains
the gold-standard method for diagnosis; however, NGS
analysis may have a potential ancillary role.
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MOLECULAR TESTING FOR MELANOMA AND ITS MIMICS

CHAPTER 7: MELANOMA MIMICRY BEYOND THE SKIN

This chapter presents the clinical case example of a tumour initially thought to be primary mucosal
melanoma of the bronchus, where additional investigation by our team led to recognition of an
alternative diagnosis and changed the patient’s course of treatment. This case is supplemented by a
review of the literature on primary melanoma of the lung, the occurrence of which is rare and

debated.

The literature review was published as a book chapter prior to recognition of our case, and we

update contemporary knowledge in our final discussion.
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We present a 37-year-old female with a novel case of endobronchial extraenteric gastrointestinal
neuroectodermal tumour (GNET) with EWSR1::CREB1 fusion that mimicked melanoma. We
document this case with a description of the clinical course, histopathological and
immunohistochemical findings, and 6 years follow-up. We also highlight potential diagnostic pitfalls,
particularly with melanoma, and briefly discuss other relevant tumours associated with EWSR1 and

CREB family fusions. Patient consent was obtained to publish this case.

The patient presented with several months’ history of a non-productive cough shortly after moving
to Australia from Sudan. Her past medical history was notable for latent and treated tuberculosis
infection. The patient had no known personal or family history of malignancy and she denied use of

tobacco-related products. Physical examination was unremarkable.

A positron emission tomography (PET)-computed tomography (CT) scan showed a 35 x 19 mm FDG-
avid mass in the left main bronchus, without any other sites of avidity (Figure 1a). Bronchoscopy
demonstrated a multilobulated polypoid tumour apparently arising from the left upper lobe
bronchus and occluding the distal left main bronchus. The tumour was partly resected by laser

bronchoscopic surgery.

Macroscopically, the resected tumour was received as multiple fragments of tan tissue with

homogeneous firm texture, measuring 30 x 25 x 4 mm in aggregate.

Histological examination showed a highly cellular neoplasm, formed by solid nodules and sheets of
predominantly plump spindled cells, merging into areas of epithelioid cells (Figure 1b-d). There was
minimal fibrous stroma without any myxoid areas or a characteristic vascular pattern. The tumour
cells showed mild pleomorphism and even vesicular chromatin pattern with small nucleoli. Rare
mitoses were identified (1/mm?2). There were areas of acute haemorrhage but no necrosis. The

tumour exclusively involved subepithelial tissues without an intraepithelial component.

Immunohistochemical stains (Figure 1e-h) showed the tumour to have diffuse and strong nuclear
expression of Sox 10, and patchy moderate to strong staining with S100. There was focal moderate
to strong cytoplasmic expression of synaptophysin and CD56. The following stains were negative:
HMB45, Melan-A, AE1/AE3, EMA, Cam 5.2, TTF-1, chromogranin, CD99, SMA, desmin, CD31, CD34.

The Ki-67 proliferation index was 10%. A diagnosis of melanoma was made.

The patient underwent work-up to consider metastatic melanoma versus a primary bronchial

melanoma. The patient had no personal history of prior melanoma. On examination there were no
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suspicious pigmented lesions on either acral or non-acral skin, nor at visible mucosal sites. Eye
examination revealed no evidence of uveal melanoma. CT and PET imaging showed no other sites of
disease. Considering the patient’s skin-type (Fitzpatrick type V), she was considered at low risk for
cutaneous UV driven melanoma, which made a regressed primary cutaneous melanoma unlikely.

Given the discordance, the diagnosis was questioned.

Subsequently, dual-colour, break-apart rearrangement FISH probe for EWSR1 (22q12) (Vysis, USA)
evaluated on paraffin embedded tissue sections demonstrated rearrangement involving

the EWSR1 gene. Further evaluation by targeted next generation sequencing

(TruSight RNA Fusion Assay, evaluating 507 genes associated with oncogenic fusions) detected a
fusion involving EWSR1 and CREBI1 (Figure 2), whilst no BRAF, NRAS or KIT variants were detected
(lumina TruSight Next Generation Sequencing targeted panel). The diagnosis was revised to
endobronchial extraenteric gastrointestinal neuroectodermal tumour (GNET) with EWSR1::CREB1

fusion.

Restaging PET scan four months after presentation demonstrated a residual, but stable, intensely
avid left bronchial tumour, with associated left upper lobe collapse and cystic change in the left

lower lobe. No nodal or distant metastases were seen.

The patient then underwent left pneumonectomy, which showed a 29 mm residual tumour with the
same macroscopic and immunohistological appearance as the endobronchial biopsy. Bronchial and
soft tissue hilar resections margins were close (0.5mm) but clear. The patient received adjuvant

radiotherapy (50Gy/25#) followed by 3 monthly clinical surveillance.

At 5 years and 4 months after initial presentation, CT CAP demonstrated a L5 vertebral body lesion
with cortical breach posteriorly and associated pathological superior endplate fracture. PET scan
confirmed lucency in posterior L5 and no other potential sites of metastatic disease. L5 bone biopsy
showed a cellular tumour with positive SOX10 immunostaining and EWSR1 disruption detected by
FISH, confirming metastatic tumour with the same features as the endobronchial primary tumour.
The patient underwent stereotactic ablative body radiotherapy (SABR) of 20Gy/1# to the L5

metastasis and continues on 3 monthly surveillance (total 6 years 3 months follow-up).

Our case highlights the rare occurrence of extraenteric GNET in the lung and the challenging
differential diagnosis with melanoma, both primary and metastatic. Since melanoma has a great
propensity to metastasise to the lung, the vast majority of S100 and Sox10 positive tumours in lung

are metastatic melanomas.(1) There are currently several highly effective targeted and immuno-
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based systemic therapies for advanced melanoma patients (stage Il and stage IV disease), and it is
crucial that pathologists accurately recognise melanoma in lung tissue samples and raise the
possibility of metastasis.(2) In such cases, patients require comprehensive screening for another
potential primary site. Molecular testing also has an important role, not only for predicting response
to targeted therapy, but also potentially for diagnosis, where the finding of certain MAPK pathway

variants or a UV signature may support metastatic melanoma.(3)

Upon exclusion of metastatic melanoma, a melanoma in lung may be considered to be primary, but
this remains incredibly rare.(4) The true existence of primary lung melanoma has been questioned,
partly because melanocytes are not normal constituents of the bronchial mucosa (making an
explanation of histogenesis difficult), and partly because cutaneous melanomas may go undetected
(for example, due to regression).(5) The relatively recent recognition of tumours with EWSR1
rearrangements may mean that the true incidence of primary lung melanoma is even lower, if

occurring at all.

Collectively, tumours harbouring fusions between EWSR1 or FUS and a member of the cyclic AMP
response element (CRE)-binding protein (CREB) family, including CREB1, CREM and ATF1, are a rare
and heterogeneous group of neoplasms that occur in diverse primary locations and have varied
histological appearances.(6,7) In the thoracic cavity, EWSR1::CREB tumours are incredibly rare and
include primary pulmonary myxoid sarcoma, mesothelioma, and the recently proposed ‘malignant
epithelioid neoplasm with predilection for mesothelial-lined cavities’.(8,9) In contrast to our case, all

of these entities are S100 and Sox10 negative.

Another consideration among tumours with EWSR1::CREB family fusions is with clear cell sarcoma
(CCS), which is S100 and Sox10 positive. However, our case differs from CCS (metastatic or
otherwise) in the following ways: CCS cells have more abundant eosinophilic to cleared cytoplasm
and prominent macronucleoli; there is often a delicate meshwork of fibrocollagenous tissue; CCS
may have Touton giant cells; pagetoid spread into adjacent mucosa may be seen; and Melan-A and

HMB45 are typically positive.(10)

Our case’s profile of S$100+, Sox10-, Melan-A-, HMB45- and EWSR1::CREBI1 fusion is ultimately most
akin to GNET/CCSLT, which is a rare and aggressive sarcoma characterised by
EWSR1/FUS::ATF1/CREBI1 fusions. Most commonly occurring in the small intestine of adult patients,
this tumour is being increasingly recognised at extraenteric sites and in children (10). Extraenteric
locations have included the soft tissues of the trunk, the retroperitoneum, orbit, oral cavity, urinary
bladder and falciform ligament/liver.(10,11) To the best of our knowledge, only one case of

GNET/CCSLT has ever been reported in lung, involving the bronchus of a 40 year old male.(12) While
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the endobronchial location and age of that patient are similar to our case, that tumour harboured

EWSR1::ATF1 fusion, which contrasts with the EWSR1::CREB1 fusion found in ours.

We propose this case as the first report of GNET/CCSLT of the bronchial tree with EWSR1::CREB1
fusion, which broadens the spectrum of extraenteric locations at which this tumour is described. Six
years of follow-up in our case contributes to a better understanding of the clinical behaviour of

these rare but increasingly recognised tumours.

Acknowledgement: We thank Dr Simon Knight and colleagues in the Molecular Pathology
Department at Austin Health, and colleagues from the FISH service at St Vincent’s Pathology,
Melbourne. We also thank Chris McEvoy and David Choong from the Department of Molecular
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Figure 1. Extraenteric gastrointestinal neuroectodermal tumour of the bronchus with EWSR1::CREB1
fusion. (A) PET showed an avid mass in left main bronchus 35x19mm. (B) The tumour was a poorly
circumscribed lobulated mass occupying subepithelial tissues without an intra-epithelial component.

(C) Most of the tumour cells were epithelioid with mild pleomorphism, vesicular chromatin pattern
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and small nucleoli. (D) Other areas of the tumour comprised spindle cells with mild pleomorphism.
The tumour showed (E) diffuse, strong SOX10 expression, (F) patchy S100 protein expression, and no
staining with (G) HMBA45 or (H) melanA. (A. PET-CT image, B. H&E x 40, C and D. H&E x 200, E. Sox10
x100, F. S100 x100, G. HMB45 x100, H. MelanA x100)
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Figure 2. Targeted RNA sequencing detected an EWSR1(exon 7)::CREB1 (exon 6) fusion.

97



References

1. Keung EZ, Gershenwald JE. The eighth edition American Joint Committee on Cancer (AJCC)
melanoma staging system: implications for melanoma treatment and care. Expert Rev Anticancer
Ther. 2018 Aug;18(8):775-784. doi: 10.1080/14737140.2018.1489246. PMID: 29923435; PMCID:
PMC7652033.

2. Seth R, Agarwala SS, Messersmith H, Alluri KC, Ascierto PA, Atkins MB, Bollin K, Chacon M, Davis
N, Faries MB, Funchain P, Gold JS, Guild S, Gyorki DE, Kaur V, Khushalani NI, Kirkwood JM, McQuade
JL, Meyers MO, Provenzano A, Robert C, Santinami M, Sehdev A, Sondak VK, Spurrier G, Swami U,
Truong TG, Tsai KK, van Akkooi A, Weber J. Systemic Therapy for Melanoma: ASCO Guideline
Update. J Clin Oncol. 2023 Oct 20;41(30):4794-4820. doi: 10.1200/JC0.23.01136. Epub 2023 Aug 14.
PMID: 37579248.

3. Agaimy A,, Specht K., Stoehr R.,Lorey T., Markl B., Niedobitek G., Straub M., Hager T., Reis
A.C.,Schilling B., et al. Metastatic Malignant Melanoma With Complete Loss of Differentiation
Markers(Undifferentiated/Dedifferentiated Melanoma): Analysis of 14 Patients Emphasizing
Phenotypic Plasticity and the Value of Molecular Testing as Surrogate Diagnostic Marker.Am. J.

Surg.Pathol.2016;40:181-191. doi:10.1097/PAS.0000000000000527

4. de Wilt JH, Farmer SE, Scolyer RA, McCaughan BC, Thompson JF. Isolated melanoma in the lung
where there is no known primary site: metastatic disease or primary lung tumour? Melanoma Res.

2005 Dec;15(6):531-7. doi: 10.1097/00008390-200512000-00008. PMID: 16314739.

5. Del Fiore P, Rastrelli M, Dall'Olmo L, Cavallin F, Cappellesso R, Vecchiato A, Buja A, Spina R, Parisi
A, Mazzarotto R, Ferrazzi B, Grego A, Rotondi A, Benna C, Tropea S, Russano F, Filoni A, Bassetto F,
Tos APD, Alaibac M, Rossi CR, Pigozzo J, Sileni VC, Mocellin S. Melanoma of Unknown Primary:
Evaluation of the Characteristics, Treatment Strategies, Prognostic Factors in a Monocentric
Retrospective Study. Front Oncol. 2021 Mar 5;11:627527. doi: 10.3389/fonc.2021.627527. Erratum
in: Front Oncol. 2021 Apr 14;11:686051. doi: 10.3389/fonc.2021.686051. PMID: 33747946; PMCID:
PMC7977284.

6. Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-dependent factor CREB.
Nat Rev Mol Cell Biol. 2001 Aug;2(8):599-609. doi: 10.1038/35085068. PMID: 11483993.

7. Dermawan, J.K., Vanoli, F., Herviou, L. et al. Comprehensive genomic profiling

of EWSR1/FUS::CREB translocation-associated tumors uncovers prognostically significant recurrent
genetic alterations and methylation-transcriptional correlates. Mod Pathol 35, 1055—-1065 (2022).
https://doi.org/10.1038/s41379-022-01023-9

98



8. Thway K, Nicholson AG, Lawson K, Gonzalez D, Rice A, Balzer B, Swansbury J, Min T, Thompson L,
Adu-Poku K, Campbell A, Fisher C. Primary pulmonary myxoid sarcoma with EWSR1-CREB1 fusion: a
new tumor entity. Am J Surg Pathol. 2011 Nov;35(11):1722-32. doi:
10.1097/PAS.0b013e318227e4d2. PMID: 21997693.

9. Argani P, Harvey |, Nielsen GP, Takano A, Suurmeijer AJH, Voltaggio L, Zhang L, Sung YS, Stenzinger
A, Mechtersheimer G, Dickson BC, Antonescu CR. EWSR1/FUS-CREB fusions define a distinctive
malignant epithelioid neoplasm with predilection for mesothelial-lined cavities. Mod Pathol. 2020
Nov;33(11):2233-2243. doi: 10.1038/s41379-020-0646-5. Epub 2020 Aug 7. PMID: 32770123;
PMCID: PMC7584759.

10. Ulici V, Hornick JL, Davis JL, Mehrotra S, Meis JM, Halling KC, Fletcher CDM, Kao E, Folpe AL.
Extraenteric Malignant Gastrointestinal Neuroectodermal Tumor-A Clinicopathologic and Molecular
Genetic Study of 11 Cases. Mod Pathol. 2023 Jul;36(7):100160. doi: 10.1016/j.modpat.2023.100160.
Epub 2023 Mar 17. PMID: 36934861.

11. Allanson BM, Weber MA, Jackett LA, Chan C, Lau L, Ziegler DS, Warby M, Mayoh C, Cowley MJ,
Tucker KM, Long GV, Maher A, Anazodo A, Scolyer RA. Oral malignant gastrointestinal
neuroectodermal tumour with junctional component mimicking mucosal melanoma. Pathology.

2018 Oct;50(6):648-653. doi: 10.1016/j.pathol.2018.07.002. Epub 2018 Aug 31. PMID: 30177220.

12. Zheng Q, Chen H, Li Y. Primary Gastrointestinal-Type Clear Cell Sarcoma-like Tumor of the
Bronchus: A Hitherto Unreported Bronchial Tumor. J Thorac Oncol. 2019 Sep;14(9):e202-e205. doi:
10.1016/j.jtho.2019.04.030. PMID: 31445737.

99



Section 4: Thoracic Tumors

17

Primary Melanoma of the Lung

Louise A. Jackett,?* Richard A. Scolyer,!>* James F. Bishop,*’ and John F. Thompson'-*?

'Melanoma Institute Australia, Sydney, New South Wales, Australia

2Royal Prince Alfred Hospital, Camperdown, New South Wales, Australia

3Sydney Medical School, The University of Sydney, Sydney, New South Wales, Australia
“Victorian Comprehensive Cancer Centre, Parkville, Victoria, Australia

> University of Melbourne, Melbourne, Victoria, Australia

Introduction

Although most primary melanomas develop as cutaneous
or ocular tumors and a few develop in recognized mucosal
sites, the very occasional occurrence of primary melanomas
in unusual noncutaneous sites, including the lung, is well
documented.! Primary melanoma of the lung is undoubt-
edly a very rare tumor but its precise incidence is the subject
of continuing debate. Some have even questioned whether
the condition actually exists. The difficulty arises because
an unrecognized primary cutaneous melanoma can occa-
sionally undergo complete regression and disappear with-
out trace, while a lung metastasis which has arisen from it
continues to grow and may eventually present as an appar-
ently isolated focus of melanoma.>* Melanocytes are not
normally found in the tracheobronchial tree and conse-
quently it is also difficult to explain the histogenesis of a
primary lung melanoma. In patients who do have a history
of primary cutaneous melanoma and who subsequently
present with metastatic disease, the lungs are the only clini-
cally detectable site of metastasis in 7-9% of patients.*
Melanoma has a predilection to metastasize to the lungs,>©
and approximately 70% of patients who die of melanoma
are found to have pulmonary metastases at autopsy.”®

The literature contains numerous reports of patients with
melanomas that seem to be of primary lung origin. In many
of these patients, their history and subsequent follow-up
appear to exclude the possibility of metastasis to the lung
from a primary site elsewhere.” ' Supporting evidence for
a diagnosis of primary lung melanoma may be obtained
from histopathological features of the tumor, from a pat-
tern of subsequent involvement of regional lymph nodes
which is consistent with that of other tumors of primary
bronchial origin, and from a failure to find a primary mela-
noma elsewhere in the body either during life or at the time
of autopsy.

The occurrence of primary melanomas in other
noncutaneous sites has long been recognized! '>32 and is
much more comprehensively documented in the literature.
Ocular and conjunctival melanomas are the most common,
but noncutaneous melanomas are also well recognized to
arise in the urethra, vulva, vagina, leptomeninges, adrenal
gland, nasopharynx, oropharynx, esophagus, gall bladder,
and occasionally in other parts of the gastrointestinal tract
including the stomach, small bowel, large bowel, and anal
canal.>® An important difference, however, is that melano-
cytes have been identified in most of these sites in normal
individuals, providing a plausible histogenetic basis for the
origin of the melanomas.

Historical background

Although there have been numerous case reports claiming a
diagnosis of primary lung melanoma, the patients described
in many of the early publications did not fulfill the criteria
subsequently accepted as being necessary to definitively
establish the diagnosis. The first two recorded cases,
reported by Todd in 1888,° were certainly based on insuffi-
cient evidence to warrant the diagnosis. Similarly, other
early reports by Kunkel and Torrey in 1916 and by
Carlucci and Schleussner in 1942!'" were deficient because
full autopsies were not performed to exclude the possibility
of a primary melanoma elsewhere. It was not until 1963
that a patient fulfilling subsequently accepted criteria for
the diagnosis of primary lung melanoma was reported.” In
a 1987 publication, Alghanem et al. considered it appropri-
ate to accept only seven previously reported cases as true
primary lung melanomas, on the basis of stringent criteria
for diagnosis.®® Reporting a series of eight new cases in
1997, Wilson and Moran suggested that there were fewer
than 25 previous cases acceptable as primary pulmonary
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Table 17.1 Published reports of 75 patients with primary melanomas Table 17.1 (Continued)

of the trachea, bronchi, lungs, and pleura fulfilling most or all of

the currently accepted diagnostic criteria. References Sex/age (years) Site
References Sex/age (years) Site Seitelman et al.'’ M/89 LL
Zuckermann et al.'"? M/68 UL
Salm’ M/45 LL Gong et al.'® F/52 UL, LL
Reed and Kent! M/71 LL F/65 LL
Reid and Mehta's F/60 Trachea Ouarssani et al.'® M/68 Bilateral LL
M/35 LL Kamaleshwaran et al.'’ M/56 UK
Jensen and Egedorf!® F/61 UL Gupta ez al'"! F/58 UL
Allen and Drash!? F/40 LL Hwang et al.''? F/82 LL
Taboada ez alLe M/56 LL Mahowald ez al.'® M/55 UL
M/40 UL Postrzech-Adamczyk et al.'™* F/69 UL
Walter et al.!? M/33 LL Watanabe et al.'’® M/66 ML
Mori et al.® F/47 Trachea F/a6 LL
Smith and Opipari?! M/49 Pleura Zhang et al.''® M/60 LL
ﬁdebonmo i al;jz Li/es UL. F, female; LL, lower lobe; M, male; ML, middle lobe; MSB, main
obertson ef al. F/70 Carina
(Csivercli M/47 MSB stem bronchus; UK, unknown; UL, upper lobe.
Verweij et al.* M/46 Trachea, MSB
Angel and Prados? F/41 ML
Cagle et al.” M/80 ML
Carstens et al.* F/29 UL
Alghanem er al.* Fr L melanomas.*® As far as could be determined from a com-
Demeter et al.? M/56 UL . . .
Santos et al® M/58 LL prehensive review of the literature by the present authors,
Bagwell et all% M/62 UL the total number of reported cases for which the diagnosis
Bertola et al. % F/30 LL had been established by appropriate criteria stood at 75 in
Jennings et al.*® F/34 UK 2016 (Table 17.1).
Sanchez Navarro et al.®* M/75 MSB
Miller and Allen* M/56 LL
M/67 ML Biology
F/77 LL
Barz6 et al F/43 UL A histogenetic basis for the development of primary lung
. gzé I]:I]: melanomas is not obvious, but several explanations have
Far?ell ot al® s il been proposed. Although melanocytes have not been dem-
Wilson and Moran® M/71 LL onstrated in the lower respiratory tract, some investigators
M/45 UL hypothesize that there can be aberrant migration of these
M/UK ML potential precursor cells to the lung, and suggest that this
F/55 UL could explain the development of primary melanomas
M/52 UL e s - .
Nt UL at this site.'® This seems a plausible explanation because
M/48 UL embryologically the respiratory tract develops from an out-
M/50 UL growth of the primitive foregut between the pharynx and
Sekine et al.® UK UK esophagus, in the region of the larynx, and melanocytes
Ost et al¥ M/90 UL have been identified in the mucosa of these sites.>*>¢
O Mo B Because squamous metaplasia is occasionally observed
Testini et al. M/44 LL . X . .
Dountsis ez al. % F/41 UL in melanoma-affected epithelium, a proposed alternative
Lie et al.*! Fl44 LL explanation is that epithelial cells undergo metaplastic
de Wilt ez al.** M/71 ML transformation into melanocytes.'* However, it appears
3?691 ii more likely that the squamous metaplasia is a consequence
M/62 LL of bronchial involvement by melanoma. A condition
M/66 LL described as “melanogenic metaplasia” of mucous glands
M/60 LL in the oral cavity has also been reported,’” and it is possible
- 5{?690 8112 that a similar process might occur in the mucous glands of
R;ld dy et al. S N ¥ the tracheobronchial tree. Another proposal, perhaps more
Kotoulas ef al.*® M/67 UK plausible, is that neuroendocrine (Kulchitsky) precursor
Saint-Blancard et al.'® M/82 UL cells have the potential to undergo melanocytic differentia-
Shikuma et al.'" M/71 LL tion; both cell types are histogenetically related, being of
Maedaict M/68 UL neural crest origin.*® This theory is supported by the occa-
iiﬁiegt“;lw ﬁ;gé ii sional occurrence of melanocytic differentiation in carci-
Mochizuki ef al. 1% M/84 LL noid tumors® and reports of malignant tumors displaying
neuroendocrine and melanocytic differentiation. >
(Continued) A similar theory has been proposed to explain the origin of

dny) suonipuod pue sLd | 8y} 885 *[G202/20/ST] Lo Ariqiauluo M)A * Rd 104 AiqIT S20WBIS YileaH [eNdsoH aunoqp I [eA0Y - esder 85In0° AQ LTU0'SEZ96TETTT8L6/200T OT/I0p/W0d &3] 1 Akeiq 1 pul|uo//Sdiy Woiy popeo|umoq ‘LT SEZ96T6TTT8L6/200T 0T

o

36LBD 1T SUOLILIOD dAIB1D) 3|qeot|dde ay) Ag pausenobi ale sajoile YO ‘8sn Jo 3| 1oy AkeiqiautjuQ 48] uo



primary adrenal melanomas,* ®-* since melanocytes have
not been identified in this location either.

The occurrence of melanocytic differentiation within
peripheral nerve sheath tumors, such as melanotic schwan-
nomas (termed malignant melanotic schwannian tumors),%
raises the possibility that primary pulmonary melanomas
may also arise from native pulmonary neural elements.

Epidemiology

In a review from Melanoma Institute Australia (formerly
the Sydney Melanoma Unit) in Sydney, Australia, de Wilt
and colleagues identified 27 patients who presented with
pulmonary melanoma as their first sign of disease and in
whom no foci of melanoma at other sites were found.* This
was from a total of 19,000 patients with melanoma treated
over a 50-year period. Following detailed analysis of clini-
cal, pathological, and follow-up data, the authors con-
cluded that seven of these patients were likely to have had
primary pulmonary melanomas. Reviewing 10,134 patients
with primary lung tumors treated at the Mayo Clinic over a
10-year period, Miller and Allen® reported three patients
with primary lung melanomas. In a report from Japan pub-
lished in 1998, Sekine et al. identified one case of primary
pulmonary melanoma from 3481 primary lung tumors
resected over a 20-year period.* Each of these reports
emphasized the rarity of primary lung melanoma, but can-
not be used to quantify its incidence since the patients seen
at each of the institutions were referred for treatment and
the data were therefore not population based.

Molecular biology and genetics

During the past decade, critical molecular alterations in mel-
anomas have been identified that are important for its devel-
opment and progression. Mutations in genes coding for
proteins in the mitogen-activated protein kinase (MAPK)
signal transduction pathway have been found in about 70%
of melanomas. This pathway involves signaling through
RAS-RAF-MEK-ERK and controls cellular proliferation,
apoptosis, and migration. Mutant BRAF, one of three
types of RAF proteins, is present in approximately 40% of
cutaneous melanomas, and mutant N-RAS occurs in
approximately 25% of cases.®® Mutant N-RAS also induces
the phosphatidylinositol 3" kinase (PI3K) cascade, which
is another important pathway for control of cellular prolif-
eration, apoptosis, and invasion. BRAF mutant primary
melanoma typically occurs in younger individuals at axial
sites where there is a low degree of chronic sun damage.
In contrast, N-RAS mutant melanoma shows no age or ana-
tomical site predilection. Activating mutations or gene
amplification of the tyrosine kinase receptor C-KIT are
present in 10-15% of acral and mucosal melanomas and
occasionally in melanomas occurring at chronically sun-
damaged anatomical sites. Uveal melanomas typically show
mutations in GNAQ or GNAII. Many other less common
mutation events implicated in the pathogenesis of mela-
noma have also been identified including those effecting
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Figure 17.1 Primary pulmonary melanoma occurring in a male aged
61 years. Pleomorphic epithelioid melanoma cells are present, some of
which are pigmented, beneath bronchial respiratory-type mucosa.
There is focal mucosal surface erosion by the tumor (H&E, original
magnification 100X).

PIK3CA (PI3K), FLT3, PDGFR, MET, and ERBB4.
However, the molecular pathogenesis of a significant
proportion of cutaneous melanomas remains unknown and,
to the best of our knowledge, the mutation profile of pri-
mary melanoma of the lung has not been reported to date.
Because mutations in BRAF and C-KIT are now being suc-
cessfully exploited by new targeted therapies, as discussed in
more detail below, it would appear appropriate to perform
relevant mutation testing of primary pulmonary melanoma
in patients in whom systemic treatment is being considered.

Pathology

In 1968, Allen and Drash suggested that the surgical pathol-
ogist must always consider the possibility of melanoma
when examining a lung tumor if the diagnosis is not to be
missed.!” More than 40 years later this advice may still be
appropriate. As melanoma remains “the great imitator”
and unless the possibility is considered, primary lung
melanoma may be misdiagnosed as a large cell carcinoma
of the lung or as a sarcoma of the lung. Having considered
the possibility of a melanoma, confirmation or exclusion
of this possibility should then be achievable by careful
examination for the classic features of melanoma, with
support from immunohistochemistry.

A number of histological features (Fig. 17.1) have
been suggested as being indicative of primary lung
melanoma,'”- 23 including:

* obvious melanoma cells, confirmed by immunohisto-
chemical staining for S-100 and HMB-45 and possibly
electron microscopy

+ evidence of atypical melanocytes involving the bronchial
epithelium

* “nesting” of melanocytic cells beneath the bronchial
epithelium
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* “pagetoid” invasion of the intact (i.e. nonulcerated)
bronchial epithelium by melanoma cells.

However, these features were not demonstrated in many of
the previously reported cases of primary pulmonary mela-
noma*® and, furthermore, are probably not as specific as has
been suggested. “In situ melanoma” changes may be absent
in primary melanomas occurring at other sites, particularly
ulcerated primary cutaneous melanomas. In addition, simi-
lar changes are sometimes observed in epidermotropic mel-
anomas metastasizing to the skin,* and an intraepithelial
growth of melanoma metastatic to the lung has been docu-
mented previously.” Indeed, the results of one recent series
of 15 patients suggested that distinguishing primary from
metastatic melanoma is best performed on the basis of clini-
cal behavior, particularly the pattern of metastatic spread,
rather than on histopathological criteria.*

Clinical aspects

Presentation

The cases of lung melanoma reported in the literature are
divided approximately equally into those that presented
as a polypoid obstructing lesion within the tracheobron-
chial tree and those that presented as a mass within the
lung parenchyma. The tumor is almost always unifocal,
but multifocal primary lung melanomas have been
described.?® ¢! Primary pleural melanoma has also been
reported.?!

As expected, the presenting symptoms of a patient with
a primary lung melanoma are determined by the site and
size of the tumor. Initial recognition of an abnormality is
sometimes made on a chest x-ray performed for an unre-
lated reason.!® 3¢ A definitive histological diagnosis of
melanoma can usually be obtained for endobronchial
lesions by bronchoscopy and biopsy, and for lesions in
the peripheral lung parenchyma by fine needle aspiration
or core biopsy. However, a diagnosis of primary (rather
than metastatic) lung melanoma is unlikely to be made at
this time, and may not be reached until after full staging
investigations, pathological examination of the resected
tumor, an appropriate period of follow-up, and possibly at
autopsy.

Patterns of metastasis

Primary melanoma of the lung metastasizes in a pattern
consistent with that of other primary lung tumors —indeed,
this is one of the points of evidence raised in support of
the existence of lung melanoma as an entity. Thus involve-
ment of regional lymph nodes in the lung hilum and
mediastinum is likely to be observed. As with primary
cutaneous melanomas, there is the additional possibility
of systemic dissemination via the bloodstream to such
sites as the brain, liver, adrenal gland, and so on.
Metastatic disease involving the pleura, pericardium, and
heart also occurs.?> 3

Criteria for diagnosis

To define cases of primary lung melanomas with greater
certainty, minimal criteria on which the diagnosis should be
based have been proposed. The first such proposal was by
Jensen and Egedorf in 1967,' who suggested that a diagno-
sis of primary lung melanoma should be made in the fol-
lowing circumstances:
* no history suggestive of a previous melanoma (cutaneous
or ocular)
* no demonstrable melanoma in any other organ at the
time of operation
+ asolitary tumor in the surgical specimen from the lung
 tumor morphology compatible with a primary tumor
* no evidence at autopsy of a primary melanoma elsewhere.
Other authors have since endorsed these criteria, with
minor variations and additions.!'7- 26314368 Ag well, however,
detailed staging investigations and prolonged follow-up are
probably necessary before accepting a definitive diagnosis
of primary pulmonary melanoma because, as recently
reported by de Wilt et al.,* some patients presenting with
apparently isolated pulmonary melanoma may subse-
quently develop cutaneous or nodal recurrences suggesting
that the tumor originated from a regressed primary cutane-
ous melanoma. Although the criteria proposed by Jensen
and Egedorf are undoubtedly appropriate and desirable, it
is nevertheless clear that there are instances in which they
cannot all be satisfied yet in which the likelihood is high
that a lung tumor is a primary melanoma.*

Treatment

Surgery

Based on experience with primary melanomas arising in
other sites, the treatment of choice for primary lung mela-
noma is radical surgical excision. This will usually involve
formal lobectomy or pneumonectomy. For primary cutane-
ous melanoma, elective regional lymph node dissection is no
longer performed having been superseded by sentinel lymph
node biopsy. Now, in patients with clinical localized primary
cutaneous melanoma, regional lymph node clearance is
generally only performed in patients with a positive sentinel
lymph node. Lymphatic mapping and sentinel lymphad-
enectomy have been performed in patients with primary and
secondary lung tumors, including melanomas, and may pro-
vide more accurate pathological staging.® The major diffi-
culty with this theoretically attractive approach is that the
diagnosis of primary rather than secondary lung melanoma
may not be established with reasonable certainty until after
detailed pathological examination of the resected tumor.
Furthermore, there is little possibility of performing satis-
factory delayed regional lymph node clearance in the lung
hilum and mediastinum following lobectomy and pneumo-
nectomy. It therefore seems logical to clear these nodes at the
time of the initial definitive lung surgery whenever possible.

In the absence of any evidence to indicate otherwise,
the treatment of locally recurrent melanoma from a lung
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primary must be based on the standard treatment
principles established for other forms of melanoma. If
radical surgical excision is possible, it provides the best
form of palliation, and may even achieve cure. If whole-
body imaging by computed tomography (CT) scanning, or
more reliably by positron emission tomography (PET)
scanning with '8F-fluorodeoxyglucose,> does not reveal
any evidence of metastatic disease elsewhere, radical sur-
gery is certainly indicated. Because melanoma tissue almost
always has a very high glucose uptake, whole-body PET/
CT scans ¢ 67075 have largely replaced CT and magnetic
resonance imaging (MRI) scans as the staging investigation
of choice in most major melanoma treatment centers. PET/
CT is therefore likely to assist in determining whether a
focus of melanoma in the lung is a primary or a secondary
tumor. If a diagnosis of primary lung melanoma is con-
firmed, PET/CT scanning should also demonstrate
whether distant metastasis has occurred and, if it has,
should prevent inappropriate surgery as treatment for
primary lung melanoma from being performed.

Radiotherapy and systemic therapies (including
targeted therapies and immunotherapy)

If surgical clearance of locally recurrent disease following
resection of a primary lung melanoma is not feasible, sys-
temic therapy may be considered, or radiotherapy if the
tumor mass in the chest is causing troublesome symptoms.
Foci of metastatic disease outside the chest must similarly
be treated on their merits, according to general principles
for the treatment of metastatic melanoma, since there are
no data to indicate that any different form of treatment is
likely to be more effective for metastases from primary lung
melanomas. Recently, the identification of oncogenic muta-
tions in melanoma and both the rapid development and
application of active targeted therapies and immunothera-
pies is revolutionizing the treatment of patients with meta-
static melanoma.’7® It is likely that these therapies will be
as effective in metastatic pulmonary melanoma as they are
in melanomas arising in other locations.

Highly potent inhibitors of oncogenic mutated BRAF
(usually administered in combination with an inhibitor of
the downstream protein MEK) and C-KIT proteins have
shown remarkable clinical efficacy in the treatment of met-
astatic melanoma patients.”®' Clinical trials of the orally
administered inhibitors of V600 mutant BRAF showed
shrinkage of tumor in the majority of BRAF mutant meta-
static melanoma patients.” 8% Furthermore, BRAF inhib-
itors have demonstrated a clear survival benefit over
standard chemotherapy with dacarbazine in advanced stage
metastatic melanoma patients.?! However, drug resistance is
a limiting factor and all but a few patients relapse, resulting
in a progression-free survival of only 5-7 months. Most of
the documented toxicities of BRAF inhibitors in humans
appear mild and well tolerated and are less frequent (apart
from fevers) when an inhibitor of MEK - another protein
in the MAPK signaling pathway that is downstream of
BRAF - is administered in combination with a BRAF

Chapter 17: Primary Melanoma of the Lung 289

inhibitor. Similarly, patients with C-KIT mutant metastatic
melanoma have been treated with C-KIT inhibitors with
some clinical responses.®* %

Systemic treatment may also be provided by immuno-
therapies that target immune check points. Ipilimumab is a
potent targeted T cell antibody directed against the cyto-
toxic T lymphocyte antigen 4 (CTLA-4) and is adminis-
tered intravenously. Activation of CTLA-4 normally
suppresses immune responses and hence CTLA-4 blockage
by ipilimumab enhances the tumoral immunoactivity.
Ipilimumab was shown to extend survival in clinical trials in
patients with advanced stage melanoma, with a 2-year sur-
vival of over 30%.%% 3 Serious immune-related systemic
adverse reactions, some life threatening, occur in up to 15%
of patients receiving ipilimumab and require specialized
multidisciplinary care.’> 8 Pembrolizumab and nivolumab
disrupt the melanoma PD-L1/cytotoxic T cell PD-1 signal-
ing axis and thereby obstruct one mechanism by which a
tumor may suppress cytotoxic T cell activity. These agents
have generated durable clinical responses in approximately
30-40% of patients with advanced stage melanoma and
improved survival.¥’

Prognosis

The very limited information that can be gleaned from pub-
lished reports of patients with primary lung melanomas
indicates that the prognosis is generally very poor, with the
principal determinant of outcome being the presence or
absence of local (peribronchial and hilar) lymph node
metastases. However, in one series of 15 patients who pre-
sented with isolated pulmonary melanoma with no known
primary tumor, the overall actuarial survival was 42%.%
This is remarkably high when compared with other studies
reporting resection of pulmonary metastatic melanomas
in which actuarial 5-year survival rates of about 20% were
observed.®* In addition, a number of long-term survivors
after treatment of apparently primary pulmonary mela-
noma by radical surgery have been reported.!* !> 184 Long-
term survival after treatment of primary lung melanoma
by chemotherapy, immunotherapy, or radiotherapy alone,
however, has not been documented.

It is possible that some tumors diagnosed as primary
lung melanomas may actually be metastases from totally
regressed primary cutaneous melanomas. Thus the results
of treating foci of metastatic melanoma from an occult
primary site warrant review. Several recent large studies
have suggested that the survival outcome for patients with
metastatic disease from an occult primary tumor is some-
what more favorable compared with patients with known
sites of primary disease.” ¢

Recommendations

In patients presenting with apparently isolated pulmonary
melanoma, if no other focus of primary or secondary
melanoma in the body can be demonstrated by the best
available imaging techniques, radical surgical treatment for
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a suspected primary lung melanoma is entirely logical.
Such treatment offers the patient the best chance of cure,
even if the melanoma is subsequently shown to be a deposit
of metastatic melanoma. The treatment will usually involve
formal lobectomy or pneumonectomy and hilar and medi-
astinal lymphadenectomy. The treatment of locally recur-
rent and metastatic melanoma from a lung primary should
be based on the standard treatment principles established
for other forms of melanoma.

References

1.

10.

11.

12.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

Dasgupta TK, Brasfield RD, Paglia MA. Primary melanomas in
unusual sites. Surg Gynecol Obstet 1969;128:841-8.

. Smith JL Jr, Stehlin JS Jr. Spontaneous regression of primary malig-

nant melanomas with regional metastases. Cancer 1965;18:1399-415.

. Milton GW, Lane Brown MM, Gilder M. Malignant melanoma with

an occult primary lesion. Br J Surg 1967;54:651-8.

. Gromet MA, Ominsky SH, Epstein WL, et al. The thorax as the initial

site for systemic relapse in malignant melanoma: a prospective survey
of 324 patients. Cancer 1979;44:776-84.

. Sutton FD Jr, Vestal RE, Creagh CE. Varied presentations of meta-

static pulmonary melanoma. Chest 1974;65:415-19.

. Webb WR, Gamsu G. Thoracic metastasis in malignant melanoma.

A radiographic survey of 65 patients. Chest 1977;71:176-81.

. Salm R. A primary malignant melanoma of the bronchus. J Pathol

Bacteriol 1963;85:121-6.

. Dasgupta T, Brasfield R. Metastatic melanoma. A clinicopathological

study. Cancer 1964;17:1323-39.

. Todd FW. Two cases of melanotic tumors in the lungs. J Am Med

Assoc 1888;11:53-4.

Kunkel OF, Torrey E. Report of a case of primary melanotic sarcoma
of the lung presenting difficulties in differentiating from tuberculosis.
NY State J Med 1916;16:198-201.

Carlucci GA, Schleussner RC. Primary melanoma of the lung: case
report. J Thorac Surg 1942;11:643-9.

Allen AC, Spitz S. Malignant melanoma; a clinicopathological analysis
of the criteria for diagnosis and prognosis. Cancer 1953;6:1-45.

. Hsu CW, Wu SC, Ch’En CS. Melanoma of lung. Chin Med J

1962;81:263-6.

Reed RJ, Kent EM. Solitary pulmonary melanomas: two case reports.
J Thorac Cardiovasc Surg 1964;48:226-31.

Reid JD, Mehta VT. Melanoma of the lower respiratory tract. Cancer
1966;19:627-31.

. Jensen OA, Egedorf J. Primary malignant melanoma of the lung.

Scand J Respir Dis 1967;48:127-35.

Allen MS Jr, Drash EC. Primary melanoma of the lung. Cancer
1968;21:154-9.

Taboada CF, McMurray JD, Jordan RA, et al. Primary melanoma of
the lung. Chest 1972;62:629-31.

. Walter P, Fernandes C, Florange W. Melanome malin primitif pulmo-

naire. Ann Anat Pathol ( Paris) 1972;17:91-9.

Mori K, Cho H, Som M. Primary “flat” melanoma of the trachea.
J Pathol 1977;121:101-5.

Smith S, Opipari MI. Primary pleural melanoma. A first reported case
and literature reivew. J Thorac Cardiovasc Surg 1978;75:827-31.
Adebonojo SA, Grillo IA, Durodola JI. Primary malignant melanoma
of the bronchus. J Natl Med Assoc 1979;71:579-81.

Robertson AJ, Sinclair DJ, Sutton PP, et al. Primary melanocarcinoma
of the lower respiratory tract. Thorax 1980;35:158-9.

Weshler Z, Sulkes A, Kopolovitch J, et al. Bronchial malignant
melanoma. J Surg Oncol 1980;15:243-8.

Gephardt GN. Malignant melanoma of the bronchus. Hum Pathol
1981;12:671-3.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

Verweij J, Breed WP, Jansveld CA. Primary tracheo-bronchial mela-
noma. Neth J Med 1982;25:163-6.

de Gracia Roldan J, Vidal Pla R, Capdevila Morell J. Nodulo puyl-
monar soitario en el curso de melanoma maligno. A proposito de cua-
tro observaciones. Arch Bronchoneumol 1983;19:128-31.

Angel R, Prados M. Primary bronchial melanoma. J La State Med
Soc 1984;136:13-15.

Cagle P, Mace ML, Judge DM, et al. Pulmonary melanoma. Primary
vs metastatic. Chest 1984;85:125-6.

Carstens PH, Kuhns JG, Ghazi C. Primary malignant melanomas of
the lung and adrenal. Hum Pathol 1984;15:910-14.

Alghanem AA, Mehan J, Hassan AA. Primary malignant melanoma
of the lung. J Surg Oncol 1987;34:109-12.

Demeter SL, Fuenning C, Miller JB. Primary malignant melanoma of
the lower respiratory tract: endoscopic identification. Cleve Clin J
Med 1987;54:305-8.

Santos F, Entrenas LM, Sebastian F, et al. Primary bronchopulmo-
nary malignant melanoma. Case report. Scand J Thorac Cardiovasc
Surg 1987;21:187-9.

Andre N, Leroyer C, Proust A, et al. [Malignant endobronchial mela-
noma, apparently primary. Apropos of a case]. Rev Pneumol Clin
1988;44:143-5.

Bagwell SP, Flynn SD, Cox PM, ef al. Primary malignant melanoma
of the lung. Am Rev Respir Dis 1989;139:1543-7.

Bertola G, Pasquotti B, Morassut S, ef al. Primary lung melanoma.
Ital J Surg Sci 1989;19:187-9.

Cohen RE, Weaver MG, Montenegro HD, ef al. Pulmonary blastoma
with malignant melanoma component. Arch Pathol Lab Med
1990;114:1076-8.

Jennings TA, Axiotis CA, Kress Y, et al. Primary malignant mela-
noma of the lower respiratory tract. Report of a case and literature
review. Am J Clin Pathol 1990;94:649-55.

Sanchez Navarro JJ, Galindo Jimeno M, Perez Sicilia M, et al.
Melanoma maligno primitivo de pulmon. Rev Clin Esp 1991;188:68-9.
Miller DL, Allen MS. Rare pulmonary neoplasms. Mayo Clin Proc
1993;68:492-8.

Barzo P, Tuka P, Minik K, et al. [Primary malignant melanoma of the
lung and lower respiratory tract]. Orv Hetil 1994;135:245-9.

Pasquini E, Rastelli E, Muretto P, et al. Primary bronchial malignant
melanoma. A case report. Pathologica 1994;86:546-8.

Farrell DJ, Kashyap AP, Ashcroft T, et al. Primary malignant mela-
noma of the bronchus. Thorax 1996;51:223-4.

de Wilt JHW, Farmer SEJ, Scolyer RA, et al. Isolated melanoma in the
lung when there is no known primary site: metastatic disease or pri-
mary lung tumour? Melanoma Res 2005;15:531-7.

Sekine I, Kodama T, Yokose T, et al. Rare pulmonary tumors — a
review of 32 cases. Oncology 1998;55:431-4.

Wilson RW, Moran CA. Primary melanoma of the lung: a clinico-
pathologic and immunohistochemical study of eight cases. Am J Surg
Pathol 1997;21:1196-202.

Ost D, Joseph C, Sogoloff H, et al. Primary pulmonary melanoma:
case report and literature review. Mayo Clin Proc 1999;74:62—6.
Ozdemir N, Cangir AK, Kutlay H, et al. Primary malignant mela-
noma of the lung in oculocutaneous albino patient. Eur J Cardiothorac
Surg 2001;20:864-7.

Testini M, Trabucco S, Di Venere B, et al. Ileal intussusception due to
intestinal metastases from primary malignant melanoma of the lung.
Am Surg 2002;68:377-9.

Dountsis A, Zisis C, Karagianni E, et al. Primary malignant mela-
noma of the lung: a case report. World J Surg Oncol 2003;1:26.

Lie CH, Chao TY, Chung YH, et al. Primary pulmonary malignant
melanoma presenting with haemoptysis. Melanoma Res 2005;15:
219-21.

Scotto J, Fraumeni JF Jr, Lee JA. Melanomas of the eye and other
noncutaneous sites: epidemiologic aspects. J Natl Cancer Inst
1976;56:489-91.

11pUOD pUe S | 84} 885 *[5202/20/ST] Uo AriqiauliuQ AB|IM ' Bied o4 Aiq1S80UBI0S UesH [eNdsOH auInoqp I A0y - 1edoer 8s1n0 Ad LTYO'SEZ96TETTTSL6/200T 0T/I0p/ W00’ A3 1m Ake.q1utjuo//Sdny Wwoly pepeo|umod ‘LTYO'SEZI6TETTT8L6/200T 0T

o

36LBD 1T SUOLILIOD dAIB1D) 3|qeot|dde ay) Ag pausenobi ale sajoile YO ‘8sn Jo 3| 1oy AkeiqiautjuQ 48] uo



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ross MI, Henderson MA. Mucosal melanoma. In: Balch CM,
Houghton AN, Sober A, et al. (eds) Cutaneous Melanoma. St Louis,
MO: Quality Medical Publishing, 2009:337-50.

Fowler M, Sutherland HDA. Malignant melanoma of the oesopha-
gus. J Pathol Bacteriol 1952;64:473-17.

Goldman JL, Lawson W, Zak FG, et al. The presence of melanocytes
in the human larynx. Laryngoscope 1972;82:824-35.

Busuttil A. Dendritic pigmented cells within human laryngeal mucosa.
Arch Otolaryngol 1976;102:43-4.

Batsakis JG, Regezi JA, Solomon AR, ef al. The pathology of head
and neck tumors: mucosal melanomas, part 13. Head Neck Surg
1982;4:404-18.

Grazer R, Cohen SM, Jacobs JB, ef al. Melanin-containing peripheral
carcinoid of the lung. Am J Surg Pathol 1982;6:73-8.

Rajaratnam R, Marsden JR, Marzouk J, et al. Pulmonary carcinoid
associated with melanoma: two cases and a review of the literature.
Br J Dermatol 2007;156:738-41.

Pilozzi E, Cacchi C, Di Napoli A, ef al. Primary malignant tumour of
the lung with neuroendocrine and melanoma differentiation. Virchows
Arch 2011;459:239-43.

Rosenberg LM, Polanco GB, Blank S. Multiple tracheobronchial mel-
anomas with ten-year survival. J Am Med Assoc 1965;192:717-19.
Damian DL, Fulham MJ, Thompson E, ef al. Positron emission
tomography in the detection and management of metastatic mela-
noma. Melanoma Res 1996;6:325-9.

Gritters LS, Francis IR, Zasadny KR, ef al Initial assessment of
positron emission tomography using 2-fluorine-18-fluoro-2-deoxy-D-
glucose in the imaging of malignant melanoma. J Nucl Med
1993;34:1420-7.

Torres-Mora J, Dry S, Li X, et al. Malignant melanotic schwannian
tumor: a clinicopathologic, immunohistochemical, and gene expres-
sion profiling study of 40 cases, with a proposal for the reclassification
of “melanotic schwannoma”. Am J Surg Pathol 2014;38:94-105.

Lyle M, Haydu LE, Menzies AM, et al. The molecular profile of met-
astatic melanoma in Australia. Pathology 2016;48:188-93.

Heenan PJ. Local recurrence of melanoma. Pathology 2004;36:491-5.
Littman CD. Metastatic melanoma mimicking primary bronchial
melanoma. Histopathology 1991;18:561-3.

Carter D, Eggleston J. Tumors of the lower respiratory tract. In: Atlas
of Tumor Pathology, series 2, fascile 17. Washington DC: Armed
Forces Institute of Pathology, 1979:220.

Faries MB, Bleicher RJ, Ye X, et al. Lymphatic mapping and sentinel
lymphadenectomy for primary and metastatic pulmonary malignant
neoplasms. Arch Surg 2004;139:870-6; discussion 876-7.

Boni R, Boni RA, Steinert H, ez al. Staging of metastatic melanoma
by whole-body positron emission tomography using 2-fluorine-18-
fluoro-2-deoxy-D-glucose. Br J Dermatol 1995;132:556-62.

Rigo P, Paulus P, Kaschten BJ, ef al. Oncological applications of
positron emission tomography with fluorine-18 fluorodeoxyglucose.
Eur J Nucl Med 1996;23:1641-74.

Valk PE, Pounds TR, Tesar RD, et al. Cost-effectiveness of PET
imaging in clinical oncology. Nucl Med Biol 1996;23:737-43.

Wagner JD, Schauwecker D, Hutchins G, ef al. Initial assessment
of positron emission tomography for detection of nonpalpable
regional lymphatic metastases in melanoma. J Surg Oncol 1997;64:
181-9.

Gulec SA, Faries MB, Lee CC, et al. The role of fluorine-18 deoxyglu-
cose positron emission tomography in the management of patients
with metastatic melanoma: impact on surgical decision making. Clin
Nucl Med 2003;28:961-5.

Dalrymple-Hay MJ, Rome PD, Kennedy C, ef al. Pulmonary meta-
static melanoma —- the survival benefit associated with positron emis-
sion tomography scanning. Eur J Cardiothorac Surg 2002;21:611-14;
discussion 614-15.

Curtin JA, Fridlyand J, Kageshita T, et al. Distinct sets of genetic
alterations in melanoma. N Engl J Med 2005;353:2135-47.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Chapter 17: Primary Melanoma of the Lung 291

Scolyer RA, Long GV, Thompson JF. Evolving concepts in melanoma
classification and their relevance to multidisciplinary melanoma
patient care. Mol Oncol 2011;5:124-36.

Long GV, Menzies AM, Nagrial AM, et al. Prognostic and clinico-
pathologic associations of oncogenic BRAF in metastatic melanoma.
J Clin Oncol 2011;29:1239-46.

Flaherty KT, Puzanov I, Kim KB, e «al Inhibition of mutated,
activated BRAF in metastatic melanoma. N Engl J Med 2010;363:
809-19.

Curtin JA, Busam K, Pinkel D, et al. Somatic activation of KIT in
distinct subtypes of melanoma. J Clin Oncol 2006;24:4340-6.
Chapman PB, Hauschild A, Robert C, et al. Improved survival with
vemurafenib in melanoma with BRAF V600E mutation. N Engl J
Med 2011;364:2507-16.

Kefford R, Arkenau HT, Brown MP, et al. Phase I/Il study of
GSK2118436, a selective inhibitor of oncogenic mutant BRAF kinase,
in patients with metastatic melanoma and other solid tumors. J Clin
Oncol 2010; 28: abstract 8503.

Carvajal RD, Antonescu CR, Wolchok JD, et al. KIT as a therapeutic
target in metastatic melanoma. J Am Med Assoc 2011;305:2327-34.
Handolias D, Hamilton AL, Salemi R, et al Clinical responses
observed with imatinib or sorafenib in melanoma patients expressing
mutations in KIT. Br J Cancer 2010;102:1219-23.

Hodi FS, O’Day SJ, McDermott DF, et al. Improved survival with
ipilimumab in patients with metastatic melanoma. N Engl J Med
2010;363:711-23.

Robert C, Thomas L, Bondarenko I, et al. Ipilimumab plus dacar-
bazine for previously untreated metastatic melanoma. N Engl J Med
2011;364:2517-26.

Robert C, Long GV, Brady B, et al Nivolumab in previously
untreated melanoma without BRAF mutation. N Engl J Med
2015;372:320-30.

La Hei ER, Thompson JF, McCaughan BC, ef al. Surgical resection
of pulmonary metastatic melanoma: a review of 83 thoracotomies.
Asia Pacific Heart 1996;5:111-14.

Harpole DH Jr, Johnson CM, Wolfe WG, et al. Analysis of 945 cases
of pulmonary metastatic melanoma. J Thorac Cardiovasc Surg
1992;103:743-8; discussion 748-50.

Gorenstein LA, Putnam JB, Natarajan G, ef al. Improved survival
after resection of pulmonary metastases from malignant melanoma.
Ann Thorac Surg 1991;52:204-10.

Norman J, Cruse CW, Wells KE, ef al. Metastatic melanoma with an
unknown primary. Ann Plast Surg 1992;28:81-4.

Cormier JN, Xing Y, Feng L, et al. Metastatic melanoma to lymph nodes
in patients with unknown primary sites. Cancer 2006;106:2012-20.

Vijuk G, Coates AS. Survival of patients with visceral metastatic
melanoma from an occult primary lesion: a retrospective matched
cohort study. Ann Oncol 1998;9:419-22.

Lee CC, Faries MB, Wanek LA, et al Improved survival after
lymphadenectomy for nodal metastasis from an unknown primary
melanoma. J Clin Oncol 2008;26:535-41.

Prens SP, van der Ploeg AP, van Akkooi AC, et al. Outcome after
therapeutic lymph node dissection in patients with unknown primary
melanoma site. Ann Surg Oncol 2011;18(13):3586-92.

Rutkowski P, Nowecki ZI, Dziewirski W, et al. Melanoma without a
detectable primary site with metastases to lymph nodes. Dermatol
Surg 2010;36:868-76.

Kundranda MN, Clark CT, Chaudhry AA, ef al. Primary malignant
melanoma of the lung: a case report and review of the literature. Clin
Lung Cancer 2006;7:279-81.

Reddy VS, Mykytenko J, Giltman LI, et al Primary malignant
melanoma of the lung: review of literature and report of a case. Am
Surg 2007;73:287-9.

Kotoulas C, Skagias L, Konstantinou G, et al. Primary pulmonary
melanoma diagnosis: the role of immunohistochemistry and immuno-
cytochemistry. J Balkan Union Oncol 2007;12:543-5.

11pUOD pUe S | 84} 885 *[5202/20/ST] Uo AriqiauliuQ AB|IM ' Bied o4 Aiq1S80UBI0S UesH [eNdsOH auInoqp I A0y - 1edoer 8s1n0 Ad LTYO'SEZ96TETTTSL6/200T 0T/I0p/ W00’ A3 1m Ake.q1utjuo//Sdny Wwoly pepeo|umod ‘LTYO'SEZI6TETTT8L6/200T 0T

o

36LBD 1T SUOLILIOD dAIB1D) 3|qeot|dde ay) Ag pausenobi ale sajoile YO ‘8sn Jo 3| 1oy AkeiqiautjuQ 48] uo



292 Section 4: Thoracic Tumors

100.

101.

102.

103.

104.

105.

106.

107.

108.

Saint-Blancard P, Vaylet F, Jancovici R. [A rare pulmonary tumour,
primary malignant melanoma]. Rev Mal Respir 2009;26:57-61.
Shikuma K, Omasa M, Yutaka Y, et al. Treatment of primary mela-
noma of the lung monitored by 5-S-cysteinyldopa levels. Ann Thorac
Surg 2009;87:1264-6.

Maeda R, Isowa N, Onuma H, ef a/. Primary malignant melanoma
of the lung with rapid progression. Gen Thorac Cardiovasc Surg
2009;57:671-4.

Pan XD, Zhang B, Guo LC, et al. Primary malignant melanoma of
the lung in the elderly: case report and literature review. Chin Med J
(Engl) 2010;123:1815-17.

Neri S, Komatsu T, Kitamura J, et al. Malignant melanoma of the
lung: report of two cases. Ann Thorac Cardiovasc Surg 2011;17:170-3.
Mochizuki H, Chikui E, Tokumaru A, et al. [A case of pulmonary
malignant melanoma mimicking lung abscess]). Nihon Kokyuki
Gakkai Zasshi 2011;49:472-7.

Seitelman E, Donenfeld P, Kay K, er al. Successful treatment of
primary pulmonary melanoma. J Thorac Dis 2011;3:207-8.
Zuckermann B, Papiashvilli M, Bar I. Primary pulmonary malignant
melanoma of right upper lobe of lung. Isr Med Assoc J 2011;13:440-1.
Gong L, Liu XY, Zhang WD, et al. Primary pulmonary malignant
melanoma: a clinicopathologic study of two cases. Diagn Pathol
2012;7:123.

109.

110.

I11.

112.

113.

114.

115.

116.

Ouarssani A, Atoini F, Reda R, er a/. Malignant melanoma of the
lung: a case report. Pan Afr Med J 2012;11:68.

Kamaleshwaran KK, Natarajan S, Parthiban J, et al. Rare case of
extradural spinal metastasis from primary lung malignant melanoma
detected with fluorine-18 fluorodeoxyglucose-positron emission
tomography/computed tomography. Indian J Nucl Med 2014;29:57-8.
Gupta A, Bhattacharya D, Jain S, ef al. Primary malignant mela-
noma of the lung: case report and literature review. Indian J Chest
Dis Allied Sci 2015;57:181-4.

Hwang KB, Hwang KE, Jung JW, ef al. Primary pulmonary malig-
nant melanoma: an unexpected tumor. Tuberc Respir Dis (Seoul)
2015;78:272-5.

Mahowald MK, Aswad BI, Okereke IC, et al. Long-term survival
after pneumonectomy for primary pulmonary malignant melanoma.
Ann Thorac Surg 2015;99:1428-30.

Postrzech-Adamczyk K, Chabowski M, Gluszczyk-Ferenc B,
et al. Malignant melanoma of the lung: case series. Kardiochir
Torakochirurgia Pol 2015;12:72-6.

Watanabe M, Yamamoto H, Hashida S, et a/. Primary pulmonary
melanoma: a report of two cases. World J Surg Oncol 2015;13:274.
Zhang X, Wang Y, Du J. Primary malignant melanoma of left lower
lobe of lung: a case report and review of the literature. Oncol Lett
2015;10:528-30.

1IPUOD PUe SLUB L 8U) 885 *[G202/20/ST] Uo Ariqiauliuo AB|IM ' BRd 104 AriqIse0ue10S YilesH [IIdsOH aunoqp I [eAOY - 19vder 881n07 AQ LTUO'SEZ96TETTT8L6/200T OT/10p/wo0" M| Im ARe.q 1ot |uo//Sdny o1y papeo|umod ‘LTYO'SEZI6TETTT8L6/200T 0T

o

36LBD 1T SUOLILIOD dAIB1D) 3|qeot|dde ay) Ag pausenobi ale sajoile YO ‘8sn Jo 3| 1oy AkeiqiautjuQ 48] uo



TREATMENTS ON THE HORIZON

CHAPTER 8: TARGETED THERAPEUTICS IN MELANOMA

Overview: The transcriptional protein PRAME has recently shown promise as a therapeutic target in
melanoma, and it is likely that investigators will need to develop an understanding of any biological
co-dependency between response to PRAME-targeted therapies and PRAME expression by
immunohistochemistry (IHC). As a first step, there is a requirement to understand the pattern of
PRAME IHC expression between a primary melanoma, its locoregional metastases and/or distant
metastases in individual patients. Heterogeneity in PRAME expression could have implications for

clinical practice and trial design.

Specific aims: To examine the intra-patient inter-tumoral heterogeneity of PRAME expression by
immunohistochemistry among a cohort of patients with multiple matched melanoma tumour

samples.

Contribution to literature: Studies on concordance of PRAME expression between primary tumours
and their metastases in individual melanoma patients are lacking. Ours is the first study to address

this issue.
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Abstract

Background: The transcriptional protein PRAME has been used as a diagnostic marker of melanoma
in recent years but recently it has also shown promise as a therapeutic target in melanoma. There is
a need to understand its expression profile between a primary melanoma, its locoregional
metastases and/or distant metastases in individual patients. Heterogeneity in PRAME expression
would have implications for clinical practice and trial design. Studies on concordance of PRAME

expression between primary tumors and/or metastases in individual melanoma patients are lacking.

Aim: We sought to examine the intra-patient inter-tumoral heterogeneity of PRAME expression by
immunohistochemistry (IHC) among a cohort of patients with multiple matched melanoma tumor

samples.

Methods: Patients with advanced melanoma for whom multiple tumor specimens were available
were identified from the database of Melanoma Institute Australia. We assessed PRAME IHC for
matched double or triple samples of primary melanoma (PM), regional lymph node metastases

(LNM), in-transit metastases (ITM) and/or distant metastases (DM) in individual patients.

Results: We reviewed 94 melanoma specimens from 38 patients. 87% (33/38) of PM specimens
showed any level (score 1-4+) of PRAME staining. PRAME score was concordant between

PM and LNM in 70% of patients (16/23, kappa = 0.45, p value = 0.02); between PM and ITM in 70%
(7/10, kappa = 0.32, p value = 0.227); between PM and DM in 48% (10/21, kappa = 0.19, p value =
0.3); between LNM and ITM in 86% (6/8, kappa = 0.67, p value = 0.227); and between LNM and DM
in 75% (6/8, kappa = 0.68, p value = 0.03). Only 62.5% (10/16) of matched triplet specimens were
concordant across all three specimens. We observed bi-directional heterogeneity of PRAME

expression.
Conclusion: We identified moderate intra-patient inter-tumoral concordance of expression for
PRAME IHC. Heterogeneity in PRAME expression is potentially a function of inherent biological

changes, but specimen quality may also play a part. Caution is recommended in relying on PRAME

immunostaining to select patients with metastatic melanoma for anti-PRAME systemic therapies.

(Word count 327)
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INTRODUCTION

PRAME (PReferentially expressed Antigen in MElanoma) is a transcriptional regulator protein with
important actions in cell differentiation and proliferation that is enriched in melanomas and some
other malignancies.(1,2,3,4,5,6,7) PRAME has shown promise as a therapeutic target for several

immune-based treatments in multiple tumor types, including melanoma.(8,9,10)

Examples of these treatments include T cell receptor (TCR) bispecific therapy, for which a PRAME x
CD3 bispecific has demonstrated good tolerance and effect in an ongoing phase 1 trial for
unresectable metastatic cutaneous melanomas previously treated with immune checkpoint
inhibitors.(10) This treatment is now being investigated in a phase 3 clinical trial (PRISM-MEL-301)
for patients with previously untreated non-uveal melanoma.(11) Furthermore, PRAME has already
shown promise as a target for CAR-T cell therapy in preclinical in vitro and in vivo studies for
treatment of acute myelogenous leukaemia and this may play a role in melanoma treatment in the

future.(9,12)

As research continues into PRAME-targeted treatments, there is a need to understand the
expression profile of PRAME in melanoma tumor samples as it may provide important information in
selecting patients who may benefit from this treatment. PRAME can be detected with cytogenetic
and molecular methods however its detection by immunohistochemical (IHC) staining is more
readily accessible in day-to-day practice (13,14,15). Melanoma occasionally shows
immunomorphological plasticity, as illustrated by partial or complete loss of expression of S100,
Sox10, melanA and HMBA45 IHC stains in dedifferentiated and undifferentiated melanomas.(16).
Furthermore, inter-tumoral heterogeneity is well documented for other predictive biomarkers, such
as PDL1, in both melanoma and other tumor types.(17) It is therefore important to consider the
potential for heterogeneity of expression between melanoma samples taken from different sites in
the same patient as this may provide information regarding the usefulness of expression as a

biomarker.

It is currently unknown whether the success of a PRAME-targeted therapy is contingent on PRAME
being uniformly expressed by the tumor, either spatially or temporally. Discordance in expression
patterns between a primary melanoma, its locoregional metastases (in lymph nodes or as in-transit
metastases) and/or distant metastases may have implications for the effectiveness of therapy and

are likely to have importance for future clinical practice and clinical trial design.
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Thus, this study sought to examine the intra-patient inter-tumoral heterogeneity of PRAME protein
expression by IHC from individual patients with multiple melanoma tumor samples (combinations of
either primary tumors, regional lymph node metastases, in-transit metastases or distant

metastases).

MATERIALS AND METHODS

Patients and Specimens

This study was performed with the approval of the Human Ethics Review Committee of the Sydney
Local Health District (Protocol No X15-0454 & 2019/ETH06874) and with informed patient consent.
Patients with advanced melanoma, for whom multiple tumor specimens at different disease stages
were available, were identified from the database and archives of Melanoma Institute Australia and
the Department of Tissue Pathology and Diagnostic Oncology, Royal Prince Alfred Hospital, Sydney.
Only the algorithmically-determined culprit primary melanoma was included where there was a
history of more than one primary melanomas. Specimen types included the primary melanoma

(PM), lymph node metastases (LNM), in-transit metastases (ITM) and distant metastases (DM).

PRAME IHC Antibody

For each formalin-fixed paraffin-embedded (FFPE) melanoma specimen, two 4um thick sections
were cut, one of which was stained with haematoxylin and eosin (H&E) and the other used for
PRAME IHC staining. PRAME IHC staining was performed using an automated IHC system (Roche
Ventana Benchmark Ultra) using the Optiview DAB IHC Detection Kit. After deparaffinisation of FFPE
sections, heat-induced epitope retrieval was applied using Cell Conditioning 1 (Antigen Unmasking)
for 48 minutes. The PRAME (EPR20330) antibody was applied for 40 minutes at 36°C (96.8°F) and
counterstained using Mayer’s haematoxylin solution. A positive control was included in each IHC

round.

IHC Staining Evaluation

H&E and IHC slides were evaluated with blinding to clinical and histopathological information. Cases
were scored in quartiles according to the method described by Lezcano et al.(18) No staining was
scored as zero; staining of 1 to 25% of tumor cells was scored as 1+; 26 to 50% as 2+; 51% to 75% as

3+; 76% or more as 4+. Staining of at least weak intensity was included in the score.

As a secondary data point, the intensity of staining was also recorded as either uniformly weak,

moderate or strong, or as heterogeneous (eg. weak to moderate, weak to strong).
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Statistical analysis

The concordance of the PRAME scores between pairings of PM and LNM, PM and ITM, PM and DM,
LNM and ITM, and LNM and DM was assessed using Cohen’s Kappa coefficient. Cohen’s Kappa
coefficient was interpreted according to the Landis and Koch criteria, classified as almost perfect
(>0.8), substantial (>0.6), moderate (>0.4), fair (>0.2), slight (>0) or no agreement (<0).(19)
Clinicopathological associations were evaluated using Fisher’s Exact test for categorical variables and

the Mann-Whitney test for continuous variables.

RESULTS

Patient cohort

We identified 38 eligible patients with matched double or triple melanoma samples (combinations
of PM, LNM, ITM or DM), who also had sufficient tissue for additional testing. Clinicopathological
features of the cohort are presented in Table 1. Briefly, 53% of patients were male (20 of 38), and
the age range was 16-93 years (mean, 56 years; median, 54 years). Primary melanomas were mostly
non-acral melanomas located on the lower limb (14, 37%), trunk (12, 32%), head and neck (4, 10%)
and upper limb (3, 8%). Four (10%) cases were from acral or subungual locations, and for one patient
the primary site was not recorded. Melanoma subtypes included superficial spreading (13, 34%),
nodular (10, 26%), acral lentiginous (6, 16%), desmoplastic (3, 8%) and malignant blue naevus (1,

3%). Five (13%) cases were unclassified.

Melanoma tumor specimens

Types of melanoma tumor samples evaluated are detailed in Table 2. In total, 94 melanoma
specimens from the 38 patients were evaluated. These included 38 PM samples (40%), 23 LNM
samples (24%), 11 ITM samples (12%) and 22 DM samples (23%).

A primary melanoma was available for all patients. Seven (18%) patients had a matched triplet of
PM, LNM and ITM samples, 8 (21%) had a triplet of PM, LNM and DM, and 1 (3%) had a triplet of PM,
ITM and DM. There were 8 (21%) doublets of matched PM and LNM, 1 (3%) PM and ITM, and 11
(29%) PM and DM samples. One patient (3%) had one PM and two ITM samples, and another (3%)
had one PM and two DM samples. The maximum number of specimens tested in a single patient was

3.
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Specimen types were varied. Among the 38 PM specimens, there were 37 excisions and 1 partial
(shave) biopsy. All LNM, ITM and DM specimens were resected specimens, apart from 1 core biopsy

of a DM.

Distant metastatic sites included brain (11, 38%), non-in-transit skin/subcutaneous tissues (9, 31%),

viscera (5, 17%), soft tissue or bone (3, 10%), and a non-regional lymph node (1, 3%).

PRAME immunohistochemistry characteristics
All melanoma specimens contained adequate volumes of tumor on matched H&E slides and PRAME

IHC slides.

PRAME scores in PM specimens

PRAME scoring of the 38 PM specimens is presented in Table 3. 87% (33/38) of PM specimens
showed any level (score 1-4+) of PRAME staining, and 13% (5/38) of PM samples were completely
negative (score 0). Of PM specimens with any level of staining, this was assessed as 4+ in 26 (69%)
cases, 3+in 5 (13%) cases, and 1+ in 2 (5%) of cases. There were no cases of 2+ in the PM samples.
Overall, 81% (31/38) of tested PM samples showed at least weak PRAME staining in 50% or more of

the tumor (score 3+ or 4+).

PRAMIE intensity in PM specimens

We observed heterogeneity in intensity of PRAME staining in the PM samples (Table 3). This
included strong staining in 37% (14 cases), moderate to strong staining in 18% (7 cases), moderate
staining in 8% (3 cases), weak to moderate staining in 21% (8 cases), and weak staining in 3% (1

case). The latter case also showed a low percentage of staining (5%, score 1).

Intra-patient inter-tumoral concordance
The distributions of PRAME scores in each group are presented in Figure 1, and PRAME scores with

concordance data are presented in Tables 4 and 5.

PM versus LNM
PRAME score was concordant between PM and matched LNM in 70% (16/23) of patients (kappa =
0.45, moderate concordance, p value = 0.02, Tables 4 and 5). The LNM samples more frequently

scored lower (22%, 5/23) than higher (9%, 2/23) when compared to the PM (Table 5).
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PM versus ITM

PRAME score was concordant between PM and ITM in 70% (7/10) of patients (kappa = 0.32, fair
concordance, p value = 0.227, Tables 4 and 5). The ITM samples more frequently higher (20%, 2/10)
than lower (10%, 1/10) when compared to the PM (Table 5).

PM versus DM

Between PM and DM, the PRAME score was only concordant in 48% (10/21) of patients (kappa =
0.19, slight concordance, p value = 0.3, Tables 4 and 5). When compared to the PM, DM samples
scored lower in 29% (6/21) of patients and higher in 19% (4/21, Table 5).

LNM versus IT
PRAME was concordant between LNM and ITM in 86% (6/7) of cases (kappa = 0.67, substantial
concordance, p value = 0.064, Table 5). The one discordant case was higher in the ITM compared to

the LNM (1/7, Table 5).

LNM versus DM
PRAME was concordant between LNM and DM in 75% (6/8) of patients (kappa = 0.68, substantial
concordance, p value = 0.03, Tables 4 and 5). In the two cases of discordance (2/8, 25%), PRAME

score was lower in the DM (Table 5).

Triplet samples

PRAME scores were concordant in 71% (5/7) and 63% (5/8) of patients across all three matched
triplet specimens for PM+LNM+ITM and PM+LNM+DM, respectively. The single patient with
matched PM+ITM+DM samples, showed score 3+ in the PM and LNM samples, and score 1 in the
DM sample. When considering patients with triplet samples as a single group, only 62.5% (10/16)
patients showed concordance across all three of melanoma samples. Examples of concordant and

discordant matched triplet specimens are provided in Figure 2.

PRAMIE score 1-4 versus PRAME score 0

When PRAME of any score (1-4+) was considered against score 0 (Table 6), the binary concordance
rose to 96% (22/23) for PM versus LNM samples (kappa = 0.65, substantial concordance, p-value =
0.062); 90% (9/10) for PM versus ITM samples (kappa = 0.62, substantial concordance, p-value =
0.092); 84% (16/19) for PM versus DM samples (kappa = 0.58, moderate concordance, p-value =
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1);100% (7/7) for LNM versus ITM samples (kappa = 1, p-value <0.001). and 100% (8/8) for LNM

versus DM samples (kappa not assessable).

Clinicopathological associations
There were no significant differences in clinicopathological features between patients with

concordant PM and LNM samples and those showing discordance (Table 7).

PRAME-negative PM cases
The features of the 5 PM cases that showed 0 PRAME staining are outlined in Table 8. Of these, one
case was concordant with score 0 across each of the matched PM, LNM and DM specimens. Of the

discordant cases, three were notable for showing score 3+ or 4+ in the more advanced specimen.

In two of the discordant cases (case 3 and 29), there were no sebaceous glands to confirm an
internal positive control, however positive external controls were present. PRAME staining was
repeated in these cases, yielding the same result. All other PRAME-negative PM cases had positive

internal and external controls.

DISCUSSION

Tumor heterogeneity, both within individual tumors but also between primary and metastatic
tumors, is an important issue in oncology, particularly as it relates to biomarker testing for treatment
prediction (theragnostic) purposes.(20) Heterogeneity is a consequence of complex factors,

including those related to the tumor itself (e.g. spatial variability or progression-related genetic
alterations); those related to the tumor microenvironment; and those related to pre-analytical and
analytical histopathological processes (e.g. biopsy type, sampling error, tissue fixation adequacy and

degradation artefacts).(20)

Given the current clinical interest in PRAME-directed therapies and the need for the tumor to
express PRAME before enrolment in some clinical trials of anti-PRAME treatment (e.g. the PRISM-
MEL-301 trial)(11), there is a need to understand the IHC expression pattern of PRAME in patient
tumor samples from different sites in the same patient. This is especially important if cut-off levels of
PRAME expression are to be considered for selection of patients for treatment. In addition,
understanding any heterogeneity in PRAME status may prove insightful if subsets of patients with

varying responses or side effects emerge from such trials.
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The importance of understanding inter-tumoral heterogeneity early on in PRAME theragnostic
research is underscored by lessons learned from non-PRAME biomarkers in other tumor types.
Several studies of biomarkers other than PRAME have shown that IHC expression is not always
uniform between a patient’s primary and metastatic tumor(s).(17,21,22) While some markers show
remarkable homogeneity across a patient’s tumor samples, such as BRAF IHC in melanoma, intra-
patient inter-tumoral heterogeneity has been demonstrated for PDL1 IHC expression in melanoma,
non-small cell lung, esophageal, gastric/gastro-esophageal, urothelial, triple negative breast, and
head and neck squamous cell carcinomas.(17,23,24) Furthermore, the validity of determining HER2
status on the basis of a single tumor biopsy has been questioned after Geukins et al found HER2-low

and HER2-zero breast cancer metastases co-existed in the same patient.(21)

To date, only very limited investigation has been conducted into PRAME IHC expression across
tumor samples within an individual patient.(18) As part of their study of 155 cutaneous melanomas
and 100 metastatic melanomas, Lezcano et al found that 83.2% of primary melanomas (129/155)
and 87% of metastatic melanoma samples (87/100) showed 4+ labelling with PRAME.(18). In the
small number of patients with matched primary and metastatic tumors, they found that 85% (12/14)
showed concordant (4+) PRAME staining.(18) In the two patients with discordant expression. The
PRAME staining score was higher in the metastasis than the primary tumor. One case was a primary
mixed desmoplastic melanoma (1+ PRAME staining) and the other a primary lentigo maligna
melanoma (2+ PRAME staining); both corresponding metastases showed strong, diffuse (4+) PRAME

expression.

As far as we aware, this is the first substantial study to examine heterogeneity of PRAME IHC in
intra-patient melanoma samples. Based on the limited findings of Lezcano et al, and the knowledge
of melanoma’s immunomorphological plasticity, we theorised that PRAME IHC status would show
some degree of intra-patient, inter-tumoral non-uniformity across various stages of melanoma

progression.

Our findings support this hypothesis. We observed heterogeneity of PRAME scores between PM and
locoregional (LNM and ITM) samples (70% concordance), and between PM and DM samples (48%).
In all these groups, concordance improved when PRAME score was considered in a binary (positive
versus negative) fashion. LNM and ITM samples showed very high levels of concordance, which is
compatible with the knowledge that these locoregional metastases have comparable effects on AJCC

staging and prognostic estimates, and likely share biological similarities.
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Our rate of concordance for PM and DM samples (48%, 10/21) is lower than the concordance rate
(86%, 12/14) found by Lezcano et al among their small group of matched primaries and
metastases.(18) In contrast to Lezcano et al, we observed that the PRAME score was more often
lower in the distant/more advanced melanoma tumor sample of matched pairings, but not always.
Given the small size of their cohort, it is difficult to directly compare these results. We note that our
PRAME antibodies were the same (MAb EPR20330), but deployed on different stainer platforms.

Further studies with larger cohorts are warranted.

Several reasons may explain the dynamic bi-directional heterogeneity of PRAME expression between
tumor samples. Firstly, PRAME is a complex protein that is understood to drive tumorigenesis by its
oncogenic function of upregulating pathways involved in meiosis and DNA repair, which leads to
genomic instability.(25) Secondly, PRAME expression has been found to be associated with higher
tumor stage and a poorer prognosis in several malignancies, including melanoma.(26) Given the
immunomorphological plasticity of melanoma in other attributes, it is possible that PRAME biology

may alter with progression of melanoma.

Sampling error may also contribute to observed differences in PRAME staining, however the high
proportion of excisions among our cohort is likely to have reduced this effect in our study. Lezcano
et al did not publish information about specimen types in their study for us to enable a comparison
to be made.(18) Degradation of the PRAME protein is another possible reason for heterogeneity; we
did observe two PM cases with score 0 for which there was an absence of an internal PRAME control
(sebaceous glands; PRAME stains repeated), so we cannot say with complete certainty that our
PRAME stain worked. Both archival tissue samples were more than 17 years old, so a degradation
effect over time is certainly possible. However, we did encounter strong intensity score 4+ PRAME

staining in several older samples so this does not appear to be a ubiquitous factor.

In our study, when we considered PRAME score 1-4+ (ie. any percentage of staining) in a binary
analysis versus PRAME score 0, there was a trend to substantial concordance between the PM and
LNM and PM and ITM samples, although this was not statistically significant. Awareness of this trend
may be helpful for future trial designs if cut-off levels of PRAME staining are being considered to

predict the response to PRAME-specific treatments.
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We note that the frequency of PRAME score 4+ in our primary melanoma cohort (69%) is slightly
lower than the frequency of the same staining pattern in two separate studies by Lezcano et al
(78.5%, 104/129 and 83.2%, 129/155, respectively).(15,18) This could reflect the mix of melanoma
subtypes, as we note that these investigators observed lower levels of staining in desmoplastic
melanomas (35%) versus non-desmoplastic subtypes (88.2% to 90.9%)(15). Desmoplastic
melanomas accounted for 8% of our cases, however information about the number of desmoplastic

melanomas in the cohort by Lezcano et al was not published. (15)

Since we found no significant differences in clinicopathological features between PRAME-concordant
and PRAME-discordant matched PM and LNM samples, it is unlikely that clinical factors other than

melanoma subtype will be able to predict heterogeneity in PRAME staining.

Our study had some limitations. The melanoma tumor samples were sometimes heavily pigmented
which made IHC assessment difficult; we mitigated this effect by using a red chromogen for
melanotic tumors. We assessed archival biobank melanoma tumor samples rather than recent
tumor samples and, as discussed above, degradation of the PRAME antigen may have potentially
affected at least two cases. However, we did note that PRAME staining was generally higher in the
PM specimens than in the matched metastases for other tissue blocks of a similar age, which
suggests that heterogeneity is likely to be, at least in part, a function of inherent biological changes

rather than simply specimen quality.

Finally, we emphasise that our findings do not indicate whether PRAME IHC should necessarily be
used as a surrogate biomarker for administration of PRAME-targeted therapies. Melanoma is a good
example of a tumor type in which PDL1 expression is a poor predictor of response to checkpoint
inhibitor therapy, which contrasts with the utility of PDL1 in a range of other tumors.(27-29) Rather,
our findings should alert future investigators to potential heterogeneity in PRAME IHC if it is to be
used as a clinical trial enrolment criterion and/or studied as a predictive biomarker of treatment

response.

CONCLUSION
In this study we found moderate concordance of PRAME expression across matched primary
melanoma, lymph node metastasis, in-transit metastasis and distant metastasis tumor samples.

When discordance was noted, PRAME IHC staining varied in a bi-directional manner. This
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heterogeneity is likely to be a function of inherent biological changes, but specimen quality may also

play a part.

Whether PRAME expression can predict treatment response and patient outcomes remains to be
determined, and this is an area requiring further study. For investigators considering the predictive
value of PRAME IHC for PRAME-targeted therapies, we recommend that PRAME heterogeneity be
considered in trial designs, to reduce the risk that future patient management is negatively impacted

by confounding results due to varying expression profiles.

(Word count 3317)
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FIGURE 1. Distribution of PRAME immunohistochemistry scores for each group of primary, lymph
node, in-transit and distant metastatic melanoma samples (percentage of cases in each group).
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Figure 2. Examples of concordant and discordant PRAME staining.

A-F. Case 9, 62 year old male with (A) primary melanoma of abdominal skin, (B) locoregional lymph
node metastasis, and (C) thoracic wall metastasis. PRAME immunohistochemistry of respective
specimens (D-F) was concordant, showing weak to moderate intensity staining in less than 25% of
tumor cells (score 1).

G-L. Case 2, 61 year old male with (G) subungual melanoma of great toe, (H) groin lymph node
metastasis, and () subsequent in-transit metastasis of thigh skin. PRAME immunohistochemistry
showed score 4 strong staining in the primary (J), which was discordant with score 1 staining in the
lymph node metastasis (K). PRAME staining of a subsequent in-transit metastasis (L) showed score 4,
which was similar to the primary. (A-C H&E x100, D-F PRAME x100, G-H H&E x40, | H&E x20, J-K
PRAME x40, L PRAME x20).
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TABLE 1. Clinicopathological characteristics of the studied 38 primary melanoma cases.

Characteristic No. of cases (n=38) %

Age (mean = 56, median = 54, range = 16-93)

<40 3 8%
40-49 14 37%
50-59 5 13%
60-69 10 26%
70-79 3 8%
80+ 1 3%
Unknown 2 5%
Gender
M 20 53%
F 17 45%
Unknown 1 2%
Melanoma subtype
Superficial spreading 13 34%
Nodular 10 26%
Acral lentiginous 6 16%
Unclassified 5 13%
Desmoplastic 3 8%
Malignant blue naevus 1 3%
Site group
Lower limb 14 37%
Trunk 12 32%
Head and neck 4 10%
Upper limb 3 8%
Acral or subungual 4 10%
Unknown 1 3%
Mitotic rate (per mmz2)
Mean 9.97
Std. Deviation 11.64
Range 0-38
Ulceration
Yes 25 66%
No 10 26%
Unknown 3 8%
Microsatellites
Absent 23 60%
Unknown 12 32%
Present 3 8%
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TABLE 2. Types of melanoma specimens tested for PRAME immunohistochemistry

Specimen Total %

Primary melanoma 38 40.4%
Lymph node metastasis 23 24.5%
In-transit metastasis 11 11.7%
Distant metastasis 22 23.4%
Total 94 100%
Matched specimens Total %

Primary + lymph node metastasis 8 21.1%
Primary + in-transit metastasis 1 2.6%
Primary + distant metastasis 11 28.9%
Primary + lymph node + in-transit metastasis 7 18.4%
Primary + lymph node + distant metastasis 8 21.1%
Primary + 2 in-transit metastasis 1 2.6%
Primary + in-transit + distant metastasis 1 2.6%
Primary + 2 distant metastases 1 2.6%
Total 38 100%
Distant metastatic sites Total %

Brain 11 37.9%
Skin or subcutaneous tissues (not in-transit) 9 31.0%
Viscera 5 17.2%
Soft tissue/bone 3 10.3%
Non-regional lymph node 1 3.4%
Total 29 100%
Specimen types Total %

Primary melanoma - excision 37 39.4%
Primary melanoma - shave biopsy 1 1.1%
Lymph node metastasis - excision 23 24.5%
In-transit - excision 11 11.7%
Distant metastasis - excision 21 22.3%
Distant metastasis - core biopsy 1 1.1%
Total 94 100%
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TABLE 3. PRAME expression for the 38 studied primary melanomas.

PRAME expression score in the primary

4 26 69%
3 5 13%
2 0 0%
1 2 5%
0 5 13%

PRAME intensity in the primary

Strong 14 37%

Moderate to strong 7 18%
Moderate 3 8%
Weak to moderate 8 21%
Weak* 1 3%
Absent 5 13%

*The case that had weak PRAME staining also showed a low percentage of staining (5%), corresponding to
score 1.
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TABLE 4. PRAME scores for matched melanoma specimens

Primary versus lymph node
Primary PRAME score
o 1 2 3 4 Total Kappa p-value
0 1 0 0 0 0 1
1 0 1 0 0 1 2
Lymph node PRAME
yme score 2 o 0 0 1 2 3 0.45 (95% CI = 0.04- 0.02
3 0 0 0 1 1 2 0.85) '
4 1 0 0 1 13 15
Total 2 1 0 3 17 23
Primary versus in-transit
Primary PRAME score
o 1 2 3 4 Total Kappa p-value
0 1 o o o o] 1
1 0O 0O 0 O 1 1
In-transit PRAME score 2 0 0 0 0 0 0 0.32 (95% Cl = -0.32-
' ' 0.227
3 0 0 0 1 0 1 0.97)
4 1 1 0 0 5 7
Total 2 1 o0 1 6 10
Primary versus distant metastasis
Primary PRAME score
o 1 2 3 4 Total Kappa p-value
0 0 0 0 0 1 1
1 1 1 0 1 1 4
Distant metastasis
PRAME score 2 0o 0 0 © 1 1 0.19 (95% CI = -0.23- 0.3
3 1 0 0 O 2 3 0.62)
4 1 0 0 2 9 12
Total 3 1 0 3 14 21
Lymph node versus in-transit
Lymph node PRAME
score
o 1 2 3 4 Total Kappa p-value
0 1 0 0 0 0 1
1 0O 0 0 O 0 0
In-transit PRAME score 2 0 0 0 O 0 0 0.67 (95% CI = 0.06-
' ’ 0.064
3 0 0 0 O 0 0 1.27)
4 0O 1 0 O 5 6
Total 1 1 0 0 5 7
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Lymph node PRAME

score
o 1 2 3 4 Total Kappa p-value
0 0O 0 0 0 0 0
_ _ 1 0 1 1 0 0 2
DIS;STMnEe;i%t;SIS 2 o 0 0 0 1 1 0.68 (95% CI = 0.28- 0.03
3 0O 0 0 0 0 0 1.09)
4 0 0 0 0 5 5
Total |O 1 1 0 6 8
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TABLE 5. Breakdown of intrapatient intertumoral concordance for PRAME immunohistochemistry
for matched melanoma specimens

Primary versus lymph node n %
Concordant 16 70%
Lower PRAME expression in LNM 5 22%
Lower by score of 1+ 2
Lower by score of 2+ 2
Lower by score of 3+ 1
Lower by score of 4+ 0
Higher PRAME expression in LNM 2 9%
Higher by score of 1+ 1
Higher by score of 2+ 0
Higher by score of 3+ 0
Higher by score of 4+ 1
Primary versus in-transit
Concordant 7 70%
Patient with lower PRAME expression in one in-transit 1 10%
by score 1, lower in other in-transit by score 3
Higher PRAME expression in in-transit 2 20%
Higher by score of 1+ 0
Higher by score of 2+ 0
Higher by score of 3+ 1
Higher by score of 4+ 1
Primary versus distant metastasis
Concordant 10 48%
Lower PRAME expression in metastasis 6 29%
Lower by score of 1+ 2
Lower by score of 2+ 2
Lower by score of 3+ 1
Lower by score of 4+ 1
Higher PRAME expression in metastasis 4 19%
Higher by score of 1+ 3
Higher by score of 2+ 0
Higher by score of 3+ 1
Higher by score of 4+ 0
One patient with concordant PRAME staining in one 1 5%
met, lower in the second by 1 (partial discordance)
Lymph node versus in-transit n %
Concordant 6 86%
Higher PRAME expression in in-transit 1 14%
Higher by score of 1+ 0
Higher by score of 2+ 0
Higher by score of 3+ 1
Higher by score of 4+ 0
Lymph node versus distant metastasis n %
Concordant 6 75%
Lower PRAME expression in metastasis 2 25%
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Lower by score of 1+
Lower by score of 2+
Lower by score of 3+
Lower by score of 4+

o O b+ P
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TABLE 6. PRAME expression as binary positive (score 1-4+) versus negative (score 0) for matched
melanoma specimens

Primary versus lymph node metastases (binary PRAME positive versus negative)
Primary PRAME
score

Positive  Negative | Total | Kappa | p-value

Lymph node PRAME Positive 21 1 22
score Negative 0 1 1 0.65 0.062

Total 21 2 23

Primary versus in-transit metastases (binary PRAME positive versus negative)
Primary PRAME

score
Positive  Negative | Total | Kappa | p-value
In-transit metastasis Positive 8 1 9
PRAME score Negative 0 1 1 0.62 0.092
Total 8 2 10

Primary versus distant metastasis (binary PRAME positive versus negative)
Primary PRAME

score
Positive  Negative | Total | Kappa | p-value
Distant metastasis Positive 16 2 18
PRAME score Negative 1 0 1 0.58 1
Total 17 2 19

Lymph node metastases versus in-transit metastases
(binary PRAME positive versus negative)

Lymph node
metastasis PRAME
score
Positive  Negative | Total | Kappa | p-value
In-transit metastasis Positive 6 0 6
PRAME score Negative 0 1 1 1 <0.001
Total 6 1 7
Lymph node metastases versus distant metastases (binary PRAME positive versus
negative)
Lymph node
metastasis PRAME
score
Positive  Negative | Total | Kappa | p-value
. . Positive 8 0 8
Distant metastasis
PRAME score Negative 0 0 0 * *
Total 8 0 8

*Assumptions for the test are not fulfilled.
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Table 7. Comparison of clinicopathological characteristics of melanoma patients for concordant

and discordant PM and LNM samples

PRAME score

PRAME score

- 0, 0, -
Characteristic co?rt]:glrg?nt % discordant (n=7) % p-value
Age (years)
Mean / median 58 /59 59/61 0.898
Sex
Male 11 69% 29%
Female 4 25% 71% 0.105
Unknown 6% 0%
Melanoma subtype
Superficial spreading 7 44% 2 29%
Unknown 0 0% 1 14%
Nodular 3 19% 2 29% )
Malignant blue naevus 0 0% 0 0%
Acral lentiginous 3 18% 2 29%
Desmoplastic 3 19% 0 0%
Site group
Lower limb 6 38% 4 57%
Trunk 5 31% 1 14%
Head and neck 2 13% 0 0% .
Upper limb 0 0% 1 14%
Acral or subungual 3 19% 1 14%
Unknown 0 0% 0 0%
Mitotic rate (per mm?2)
Mean 11 543
Std. Deviation 11.25 5.09 0.227
Range 0-38 0-14
Ulceration
Yes 11 69% 100%
No 4 25% 0 0% 0.247
Unknown 1 6% 0 0%
Microsatellites
Absent 11 69% 4 57%
Unknown 2 13% 43% 0.176
Present 3 19% 0 0%

*Assumptions for the test are not fulfilled.
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Table 8. Features of the 5 cases with negative (score 0) PRAME staining of the primary melanoma

PRAME

PRAME . PRAME
. scorein )
score in lvmoh scorein Concordance Comments
primary ?Imé)e metastasis
. No sebaceous glands seen to confirm
Case 3 0 4 (strong) 4 (strong) Discordant internal control in PM
Case 4 0 0 0 Concordant Internal control worked in PM
Case 29 0 70 n/a Discordant No seba_ceous glands seen to confirm
internal control in PM
Case 36 0 n/a 80 Discordant Internal control worked in PM
Case 38 0 n/a 1 Discordant Internal control worked in PM
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DISCUSSION AND FUTURE DIRECTIONS

CHAPTER 9: DISCUSSION

The pathologist’s role in the assessment of melanoma and melanoma-like lesions in our current
molecular era is multi-faceted and dynamic. Pathologists must balance the reporting of rising
volumes of skin biopsy specimens, which is driven by increased awareness and clinical monitoring
across populations,®” with the complexity of improving diagnostic accuracy, which is increasingly
possible through the discovery and integration of molecular information.'® Furthermore, the
pathologist’s role in the selection of treatment for melanoma patients, including those with high risk
primary as well as those with metastatic melanoma, will potentially grow through novel predictive

biomarker testing.

The works presented in this thesis have focussed on clinicopathological associations within these
three domains of melanocytic pathology, namely: the judicious use of resources in high-volume
melanoma pathology practice; the integration of molecular information to improve over- and under-
diagnosis; and the practical application of emerging immunohistochemical biomarker expression to
improve the selection of patients who may potentially benefit from various (mostly drug) therapies.
Addressing issues around the careful use of resources and misdiagnosis or incorrect assessment

across melanocytic pathology are priority areas of study.

Re-appraising established practices in melanoma pathology

In Chapter 3 “Evaluation of multiple tissue levels frequently upstages patients with clinically
localised thin primary cutaneous melanoma”, we showed that examination of additional tissue
levels in 100 um increments results in upstaging of a patients’ primary tumour stage in 20% (8/40) of
cases (15% because of Breslow thickness (BT) alone, 2.5% because of ulceration alone, 2.5% because

of BT and ulceration), with most cases affected being thin melanomas (thickness <1 mm). We found
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an incremental effect of tissue levelling, such that 80% of cases of melanoma were accurately
pathologically staged on the initial level, with roughly another 5% of patients being upstaged with
each additional 100 um interval examined (up to 400 um). We found only cases initially staged as pT1
(the most common subcategory of invasive melanomas) were eventually upstaged because of

increased BT, and the average increase in BT was 0.11 mm.

Our findings suggest that some melanomas are likely to be inadvertently under-staged in daily
practice when assessment is based only on a single microscopic level of cuts made at the grossing
bench, which is consistent with findings by other investigators?®21384!, However, our findings
advance on this knowledge because, unlike other studies, we performed our tissue levels at
consistent intervals and looked at multiple parameters of prognostic estimation. We therefore
provide granular information to practically help pathologists choose what depth of tissue is most
appropriate to ensure adequate assessment of melanomas, which is likely to improve stratification of
patients whose melanomas lie on the cusp of AJCC staging thresholds (ie. pT1a versus pT1lb or pTlb

versus pT2a).

Our findings are also a counterpoint to investigators who advocate the use of immunohistochemistry
(IHC) to improve the assessment of BT,3%% because our observations suggest that improved BT
evaluation is, at least in part, a function of levelling the tissue rather than the stain used per se.
While IHC stains may serve other functions in the assessment of melanoma, particularly around
assisting in confirming the diagnosis, the H&E assessment is a more cost-effective stain, which is a

priority for health economics.

Finally, we reiterate our discussion in this chapter that the upstaging effect seen in our study may
help explain why a small percentage of patients with thin melanomas (<1.0 mm) have unexpected

poor prognoses.2*
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In our large cohort study of 640 patients presented in Chapter 4 “Residual melanoma in wide local
excision specimens after ‘complete’ excision of primary cutaneous in situ and invasive
melanomas”, we found that residual melanoma in WLE specimens after a complete excision biopsy
with negative margins is an infrequent occurrence (3.1% of our patients) but, when found, it was
associated with lentigo maligna (LM)/lentigo maligna melanoma (LMM) and nodular melanoma
(NM) subtypes, higher mitotic rate, larger lesion diameter, and amelanosis. Interestingly, we did not
identify any associations with features such as neurotropism, microsatellitosis and lymphovascular
invasion, which are all poor prognostic factors and for which tumour beds are typically sampled in
entirety according to most international sampling and reporting protocols.*>** On the basis of our
study's findings, melanomas of LM/LMM and NM subtypes, higher mitotic rate, Breslow thickness >4
mm, larger lesion diameter and amelanosis probably warrant additional sampling of WLE specimens,

and this evidence may inform future updates to reporting guidelines.

Evaluating applications of emergent technologies in melanoma pathology

We then turned our attention to how the discovery and integration of molecular knowledge can

serve as a powerful ancillary diagnostic tool for morphologically challenging melanocytic lesions.

In Chapter 5 “Molecular analysis of cutaneous sarcomatoid neoplasms frequently identifies
melanoma driver variants”, we found that nearly 20% of patients with an immunobhistologically
unclassifiable cutaneous tumour could be re-classified as UM or DM after genomic testing. These
mutations were most commonly NRAS variants, and less commonly KIT and GNAQ. Tumours with and
without melanoma mutations all had similar demographics, occurring in older males on the head and

neck, and an epithelioid cell type was the only clue to the presence of a melanoma driver mutation.

As the first study to consider genomic profiling to stratify this histogenetically diverse group as a
whole, we show how upfront molecular testing of sarcomatoid tumours has the potential to improve

the detection of UM and DM, including at an earlier stage in a patient’s disease course, thereby
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opening-up alternative management pathways. By extension, our findings suggest that a small subset
of patients with tumours diagnosed as AFX or PDS are likely to have been historically misdiagnosed.
This has implications for our understanding of the natural history of these diseases as documented in
past medical literature, and may account for the rare occurrence of tumours with rare ‘aberrant’

behaviour such as metastasising AFX and advanced PDS.**#

The re-appraisal of diagnostic categories because of divergent genomic phenotypes is an area of
active discovery across oncology, with molecular re-classification now affecting a wide spectrum of
tumour types.***The recognition of distinct subtypes of melanoma according to aetiological
pathways related to, or independent of, chronic sun damage is an example of the molecular
refinement of a traditionally morphological classification amongst tumours of the same family.*® By
contrast, the results presented in our study above demonstrate the value of investigators turning
their attention to morphologically similar but potentially lineage-diverse tumours, which can help in
clarifying our understanding of unexpected disease courses and differing responses to treatment
amongst apparently similar tumours. When using the approach of defining tumour lineage based on
molecular phenotypes, it is important for studies to define this convention, particularly for tumours
that share some genomic similarities (eg. high tumour mutational burden, UV signature, TERT
promoter mutations and CDKN2A variants among UM/DM, AFX and PDS). In our study, we argue that
because large cohort studies have helped to establish BRAF, NRAS, KIT, GNAQ and GNA11 variants as
the characteristic genotype of conventional (differentiated) melanomas,® and studies of confidently
diagnosed AFX and PDS have shown they typically lack these variants,?”#%% there is validity in this

approach.

It must be borne in mind that not all melanomas harbour a MAPK variant, so it remains possible that
at least some tumours in our study (and in clinical practice) diagnosed as AFX or PDS could
theoretically still be UM. The clinical relevance of this to treatment is important, particularly around

implications for determining accurate prognosis and appropriate treatment. In our experience at
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major skin cancer referral centres, we have encountered occasional advanced PDS tumours that
show a response to immunotherapy that is akin to melanoma, a findings that has also been observed
by other groups.>>*2The results presented in Chapter 5 therefore lay the groundwork for future
studies to consider whether undifferentiated sarcomatoid skin tumours with immunological and
genomic similarities, such as brisk tumour-infiltrating lymphocytes, high tumour mutation burden,
UV mutational signatures and TERT promoter mutations, may be more important than the tumour’s
histogenesis (ie. based on the presence or absence of melanoma-like MAPK variants) when choosing

treatment.

In Chapter 6 “Molecular profiling of noncoding mutations distinguishes naevoid melanomas from
mitotically active nevi in pregnancy”, we turned our attention to expanding the evidence base for
adjunct molecular features that might help to avoid over-diagnosis and under-diagnosis of
ambiguous melanocytic neoplasms as a melanoma or a naevus. By comparing groups of naevoid
melanomas (NMs) and mitotically active naevi of pregnancy (MANP), we showed that NMs
harboured hotspot variants in NRAS (6/8, 75%) versus BRAF variants in MANPs (10/12, 83%). We also
showed that noncoding mutations, mostly of TERT promoter (TERT-p), were significantly more
common in NMs than in MANP. These findings are consistent with knowledge that replicative
senescence overcome by mutations of TERT promoter is a common event in non-naevoid cutaneous

melanomas.>?

Since the publication of our study, we have seen a contribution of findings by other investigators
when considering similar differential diagnoses.3?°4>° In these studies, chromosomal aberrations and
TERT-p mutations have been found to be helpful in differentiating between ambiguous benign and
malignant melanocytic neoplasms when integrated into careful clinical and histopathological
assessment. In an analysis of mitotically active melanocytic proliferations, Mesbah Ardakani et al
used the presence or absence of cytogenetic evidence of loss of CDKN2A gene (chromosome 9p21)

to define thirteen cases as NMs and twelve as mitotically active naevi.3? These cytogenetic findings
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were underpinned by reproducible immunomorphological features (deep/marginal mitoses, lack of
maturation with depth, pseudo-maturation, loss of p16 immunohistochemistry staining) that could

reliably distinguish NMs from mitotically active naevi.

In another group’s investigation of eleven locally recurrent melanomas, seventeen recurrent naevi,
and non-recurrent melanoma and naevus controls, Walton et al showed that hotspot TERT-p

mutations were significantly more frequent in recurrent melanomas.

The replication of similar findings to ours strengthens the rationale for ancillary molecular testing to
be used in the differential diagnosis of carefully selected types of challenging naevi versus
melanoma. However, as previously discussed in Chapter 6, this principle is not necessarily
transferable to all ambiguous melanocytic tumours. In a study of unambiguous and ambiguous
melanocytic tumours published since ours, Boutko et al showed relatively low frequencies of TERT-p
mutation in confidently diagnosed benign naevi (1%, 2/34) and dysplastic naevi (6%, 2/35), and a
high frequency in confidently diagnosed melanomas (73%, 51/70).>° By contrast, among their
morphologically borderline melanocytic tumours, only 24% of those cases favoured upfront as
melanoma had a positive TERT-p mutation status. They suggested that TERT-p mutation is most
useful in the differential diagnosis of atypical deep penetrating naevus versus melanoma, has some
value in differentiating atypical Spitz tumours and dysplastic naevi from melanomas, but is less

informative between atypical and malignant blue naevi.>®

A conundrum faced by studies investigating molecular differences between borderline melanocytic
tumours is the inherent subjectivity of these tumours, such that melanoma cohorts may be
contaminated by over-diagnosed melanomas, which in turn dilutes the effect of molecular
differences. Study designs can be strengthened by collecting robust clinical follow-up data, which is

absent from some of the above studies, but which we included in our study (24 to 60 months).32°4%5
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In our final chapter in this section on adjunct molecular diagnostics, Chapter 7 “Extraenteric
gastrointestinal neuroectodermal tumour masquerading as mucosal melanoma of the bronchus”,
we considered unusual primary lung tumours where melanoma is a diagnostic consideration. The
background literature review in this chapter discussed the rarity of primary melanoma of the lung,
while our contemporary case study of a melanoma-like tumour that harboured a CREB family fusion,
that was ultimately best regarded as extraintestinal gastrointestinal neuroectodermal tumour
(GNET), provides an example that may support prior assertions questioning the true existence of
primary lung melanoma. As part of this chapter’s work, we attempted to expand our contribution
beyond a single case study but were ultimately unable to do so. While we found several potential
tumours for study in our archives, we were unable to identify a patient where there was appropriate
consent that would ethically allow revision of their diagnosis based on a retrospective molecular
analysis; neither did we encounter additional cases that could be studied in a prospective manner
during the study period. This is not unexpected given that extra-enteric GNET cases are rare across
the literature, with only a handful of cases being recognised so far in soft tissues of the trunk, the
retroperitoneum, orbit, oral cavity, urinary bladder, falciform ligament/liver and lung.>®>8 The
importance of our case in the literature is nonetheless to flag to pathologists that one should always
guestion the diagnosis of a primary melanoma, not only to consider the more common occurrence
of metastatic melanoma, but also to consider molecular testing for this unusual sarcoma, which has
the potential to be increasingly recognised. Crucially, treatment options vary considerably for these

clinical scenarios.

New treatment horizons

Melanoma experienced the first wave of its ‘penicillin moment’ with the discovery of BRAF-targeted
therapies, and a second wave breakthrough with the advent of immunotherapies. There is a third
wave potentially on the horizon with trials of immune-based treatments engineered to the PRAME

protein currently underway. In the final section of this thesis, Chapter 8 “Assessment of intrapatient
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intertumoural heterogeneity of PRAME immunohistochemistry expression in melanoma”, we
addressed the concordance of PRAME expression so that information can be available to clinical
investigators early in the study of PRAME-targeted therapies, particularly if PRAME is to be studied as

a potential predictive biomarker for these treatments.

In our study, we found moderate intra-patient inter-tumoural concordance of expression for PRAME
IHC. PRAME score was concordant between PM and LNM in 70% of patients (16/23, kappa = 0.45, p
value = 0.02); between PM and ITM in 70% (7/10, kappa = 0.32, p value = 0.227); between PM and
DM in 48% (10/21, Kappa = 0.19, p value = 0.3); between LNM and ITM in 86% (6/8, kappa = 0.67, p
value = 0.227); and between LNM and DM in 75% (6/8, kappa = 0.68, p value = 0.03). Only 62.5%
(10/16) matched triplet specimens were concordant across all three specimens. We observed bi-

directional heterogeneity of PRAME expression.

The importance of this study is underscored by the role that pathologists play in ensuring quality of
pathology tests and the valid application of biomarker testing in clinical practice. PDL1 is an example
of a widely used predictive biomarker that has previously been used in clinical practice to determine
access to anti-PDL1 therapies for several tumour types, but which has recently (in Australia) been
deemed no longer essential for future decision-making.* This is because of the poor real-world
analytical performance of PD-L1 IHC testing, related to a host of factors such as different laboratory
protocols and platforms, intra-tumoural heterogeneity, inter- and intra-observer variability, and

inducibility of PDL-1 expression resulting in temporal heterogeneity.*

The moderate concordance in our study suggests that PRAME IHC may not be immune to these
issues, and there is immense value in making these discoveries early in the study of a new treatment.
Unfortunately, the recognition of PDL-1 heterogeneity in several tumour types came well after the
establishment of anti-PDL1 therapies in practice; in Australia, there is currently a legacy for several

tumour types (but not melanoma) where access to treatment is contingent on this poor performing
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assay, with consequent ethical implications.>® Concerningly, there may have been many patients in
the anti-PDL-1 era who have not had access to a therapy from which they may have benefited. The
value of our study is therefore in identifying potential concordance factors of the PRAME assay
upfront, which will alert future investigators to pertinent issues if PRAME IHC is to be used as a
criterion for enrolling patients into clinical trials, or studied as a predictive biomarker of treatment

response in melanoma patients.

In conclusion, there are enduring difficulties in the pathological assessment of melanocytic lesions,
and critical clinicopathological enquiry continues to incrementally advance melanoma oncology
through objective findings. In this thesis, we have shown how methodical evaluation of long-standing
histological techniques can improve prognostic estimates for patients; we have contributed several
studies that illustrate the power of molecular analysis as an adjunctive diagnostic tool in selected
morphologically challenging melanoma and melanoma-like lesions; and we have investigated the
biological rationale for biomarker testing to ultimately predict response to a promising new
melanoma therapy. Collectively these studies emphasise the profound and comprehensive role that
pathologists have, and will continue to have, in optimising treatment and improving the outcomes

for patients with melanoma.
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