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Abstract
Ancillary molecular tests have been developed to
assist in the diagnosis of histopathologically

mass spectrometry are also available, with
immunohistochemistry representing the mostly
widely available and highly utilized modality in

ambiguous tumors and as prognostic tools in
melanoma. These include DNA-based assays
such as comparative genomic hybridization
(CGH), fluorescent in situ hybridization (FISH),
and next generation sequencing, as well as
RNA-based tests including gene expression pro-

melanoma diagnostic testing. Each type of test
has strengths and limitations. Many of them are
expensive (>$1000) and require proper
resources and expertise to perform. Familiarity
with the available testing options combined with
knowledge of genetic and histopathologic fea-

filing and microRNA analysis. Protein-based
techniques such as immunohistochemistry and

tures of the various types of melanocytic tumors
allows for judicious use of molecular testing to
increase diagnostic accuracy and provide valu-
able prognostic information. Molecular tests can
also be used to guide treatment decisions in the
expanding era of precision medicine where
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treatment is based on individual tumor character-
istics rather than summary clinical trial data.

Keywords

Comparative genomic hybridization - CGH -
Fluorescent in situ hybridization - FISH - DNA
sequencing - Gene expression analysis -
Immunohistochemistry - MicroRNA - Mass
spectrometry

Introduction

Accurate diagnosis in melanocytic neoplasia
requires incorporation of clinical features
(patient age, lesion size, and clinical evolution),
histopathologic characteristics, and genomic
abnormalities. Despite continued research devel-
opments that provide insight into various
distinguishing features between melanocytic
nevi and melanomas, there is considerable vari-
ability among pathologists in the diagnosis of
melanocytic tumors, with discordance rates rang-
ing from 15% in routine referral cases, to as high
as 38% when focusing on histopathologically
challenging biopsies (Shoo et al. 2010; Farmer
et al. 1996). This diagnostic imprecision con-
tinues to hinder optimal treatment of patients.
Ancillary molecular tests have been developed
to assist with histopathologically ambiguous
tumors in hopes of attaining more accurate diag-
noses. While some experts have advocated the
idea of a dichomatous diagnostic world in which
melanocytic neoplasms are either benign
melanocytic nevi or malignant melanoma,
increasing evidence supports the paradigm that
melanocytic neoplasia progresses through a
spectrum that begins with unequivocally benign
nevi initiated by a single activating mutation or
translocation in a proliferative oncogene (Shain
et al. 2015). Additional mutations in oncogenes
and tumor suppressor genes (e.g., TERT pro-
moter, CDKN2A) produce intermediate neo-
plasms with varying degrees of histopathologic
atypia that generate high degrees of diagnostic
discordance. Unequivocal melanomas then
develop with accumulation of additional muta-
tions and chromosomal aberrations.
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Multiple molecular tests are now available to
assist in the diagnosis of ambiguous melanocytic
neoplasms that cannot be reliably classified based
on clinical and histopathologic features alone.
These include DNA, RNA, and protein based
platforms. While there is overlap in the genetic
changes that generate most types of melanocytic
tumors (e.g., MAP kinase pathway activation),
continuing research of the genetic landscape of
melanocytic neoplasia indicates there is signifi-
cant heterogeneity in the evolution of melanocytic
neoplasms. Given this heterogeneity, caution is
advised for any test claiming the ability to distin-
guish between all types of melanocytic tumors.
Each molecular test available has strengths and
limitations. Knowledge of the genetic changes
that correlate with histopathologic phenotypes
can help inform decisions on which molecular
test to obtain for various tumor types.

DNA-Based Testing

Comparative Genomic Hybridization
(CGH)

The vast majority of melanomas show genetic
instability in the form of multiple chromosomal
gains and losses indicative of failure of the innate
cellular checkpoints that maintain a normal diploid
state (Bastian et al. 1998). These chromosomal
gains and losses are not randomly distributed in
the genome, but are selected for when growth
advantage is conferred by gain of an oncogene or
loss of a tumor suppressor gene. Gains at chromo-
somes 1q, 5p, 6p, 7, 8q, 11q, 17q, and 20 are most
common among melanoma, while losses com-
monly occur at chromosomes 6q, 8p, 9p, 9q, 10q,
and 11q (Fig. 1) (Bastian et al. 1998). Solitary
chromosomal abnormalities can be seen in subsets
of nevi (e.g., 11p gain in HRAS mutant Spitz nevi
(Fig. 2), and loss of the BAP1 locus on chromo-
some 3p in BAPI-inactivated melanocytomas
(BAPI-inactivated Spitzoid tumors (Fig. 3)), but
multiple gains and losses are typical of melanoma
and are generally not found in melanocytic nevi.
Comparative genomic hybridization (CGH) is
one method for copy number alteration (CNA)
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Fig. 1 CGH analysis of chromosomal copy number alter-
ations (CNAs) in melanoma. Chromosome numbetr/location
is listed along the X axis. Deviations below the 0 value on
the Y axis indicate copy number loss, while those above

assessment. CGH involves fluorescent labeling of
normal control diploid DNA in one color and
tumor DNA in a different color. The differentially
labeled DNA samples are then hybridized to
microarrays containing DNA probes covering
the genome at different densities. Tumor and con-
trol DNA compete for binding sites on the array,
and neoplasms with copy number gains show
brighter tumor signals at array probes
corresponding to regions of copy number gain
compared to the control DNA. Brighter control
DNA signal intensity is seen at array probes
corresponding to regions of copy number loss in
the neoplasm. DNA contamination from non-
neoplastic cells in the tumor sample can mask
CNAs. Microdissection of the tumor cells from
the surrounding tissue is recommended before
DNA extraction to minimize the amount of non-
neoplastic DNA and provide optimal results.
Biopsies with low tumor volume or heavily
inflamed neoplasms are best analyzed with other
molecular tests such as fluorescent in situ hybrid-
ization or next generation sequencing. CGH
microarrays incorporating probes for single nucle-
otide polymorphisms (SNP) can also be used in
melanoma diagnostics (Carter et al. 2018). Such
SNP arrays also provide allelic ratios to help iden-
tify copy number-neutral loss of heterozygosity,
which cannot be detected with traditional CGH
microarrays.

Both the number of CNAs and their chromo-
somal location can assist in diagnosing melanocytic
tumors. As noted above, gains of chromosome
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0 indicate copy number gain. This tracing illustrates many of
the common melanoma CNAs with chromosome 1q, 6p,
7, 8q, and 20 gain, and chromosome 6q, 8p, 9p loss. Addi-
tional losses of chromosome 4, 15, and 16 are also present

11p occur in HRAS mutant Spitz nevi where
increased copy number of mutated HRAS confers
growth advantage. Losses of the BAPI locus on
chromosome 3 are seen in BAPI inactivated
melanocytomas, uveal melanoma, and blue nevus-
like melanomas. The losses tend to be focused in
BAPI inactivated melanocytomas, and mainly pre-
sent as loss of the entire chromosome (monosomy 3)
in the latter entities. Chromosomal rearrangements
involving multiple tyrosine kinases as well as BRAF'
have been identified as a common initiating event in
spitzoid neoplasms and occasionally other types of
melanomas (Table 1) (Wiesner et al. 2014; Yeh et al.
2019; Ablain et al. 2018). The resulting fusion genes
are often subject to subsequent copy number
increases. The location of CNAs at specific chro-
mosomal loci can be a clue to the presence of such a
rearrangement. For example, CNAs on chromo-
some 7q34 in Spitz tumors can indicate an underly-
ing BRAF fusion event (Fig. 4).

Distribution and quantity of CNAs has been
shown to vary based on the degree of UV exposure.
One of the earliest molecular melanoma classifica-
tion schemes is based on differential CNA patterns
which distinguish melanomas occurring on chroni-
cally sun exposed skin, intermittently sun exposed
skin, acral skin, and mucosal sites (Curtin et al.
2005). Melanomas on sun protected sites (i.e., acral
and mucosal melanomas) have a particularly high
number of CNAs, including high numbers of chro-
mosomal amplifications, while their genomic muta-
tion burden is much lower than other types of
melanomas (Curtin et al. 2005; Genomic
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Fig.2 HRAS mutant Spitz nevus in 2-month-old baby. (a)
The neoplasm has a symmetrical appearance with promi-
nent desmoplastic stroma (H&E 20x). (b) HRAS-mutant
Spitz nevi have characteristic features including epithelioid

Classification of Cutaneous Melanoma 2015; Hay-
ward et al. 2017). Ninety percent of acral melano-
mas have focal chromosomal amplifications
involving oncogenes such as the genes encoding
cyclin D1 (CCNDI on 11q13), CDK4 (12q14),
and telomerase (TERT on 5pl5). Such amplifica-
tions are infrequent in melanomas on sun exposed

melanocytes with sclerotic stroma and infiltrative appear-
ance in the dermis (H&E 200x). (¢) CGH analysis shows a
single aberration with gain of chromosome 11p where
HRAS is located

skin. As these amplifications in acral melanoma can
be detected early in tumor progression, including in
melanoma in situ and precursor field cells (North
et al. 2008), they represent a distinguishing feature
of acral melanoma that can be assessed for in
DNA-based assays such as CGH and fluorescent
in situ hybridization (FISH).
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Fig. 3 Combined melanocytic nevus with BAP1 loss
(BAPI-inactivated melanocytoma). (a) A biphasic prolifer-
ation of melanocytes is present with a large central popula-
tion of amelanotic cells and small peripheral collections of
pigmented melanocytes ( H&E 20x). (b) The amelanotic
melanocytes have larger nuclei, abundant eosinophilic

Table 1 Common sites of

Common ) Gene Chromosome
translocation in Spitznevi  — 7 2p23
and other spitzoid
melanocytic neoplasms BRAF 7934
NTRKI  |1q23
NTRK3 15q
MET 7931
RET 10q11
ROSI 1q21

As molecular profiling of melanocytic tumors
has progressed, increasing evidence has been
found that malignant transformation of melanocytic
neoplasms progresses in stepwise fashion through
the accumulations of mutations, structural
rearrangements, and chromosomal gains or losses

TTETE

cytoplasm, and numerous multinucleated melanocytes are
present (right side). Smaller melanocytes with more
pigmented cytoplasm are present on the left (H&E 200x).
(¢) CGH analysis shows solitary loss of chromosome
3 where BAPI resides

that overcome cellular checkpoints that normally
prevent oncogenesis. These phases of progression
from unequivocally benign to partially transformed
to overtly malignant can be molecularly traced in
biopsies that contain melanomas with adjacent pre-
cursor nevi (Shain et al. 2015). In general, increasing
numbers of CNAs parallels the degree of histopath-
ologic atypia. This pattern of increasing CNAs has
been demonstrated across various types of
melanocytic tumors, including tumors of the blue
nevus family. Common or cellular blue nevi show
no detectable CNAs, whereas blue nevus-like neo-
plasms with ambiguous/atypical features have 03
CNAs, consistent with partial transformation.
Unequivocal blue nevus-like melanomas show a
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Fig. 4 Spitz tumor with BRAF fusion. (Top) Epithelioid
melanocytes form nests and fascicles with prominent clefts
and associated epidermal hyperplasia (H&E 40x). (Mid-
dle) CGH analysis shows a complex pattern of gains and
losses on chromosome 7q with additional losses on chro-
mosome 1 and 8 and gains on 7p and 15. Multiple CNAs
are indicative of genomic instability and indicate a

T R

differential diagnosis of atypical Spitz tumor and spitzoid
melanoma. (Bottom) Close up view of chromosome 7q
where multiple short chromosomal gains and losses are
clustered. Green arrowheads highlight locus 7q34 where
BRAF is located. The sharp transition from chromosomal
gain to loss within the BRAF gene is a clue to the presence
of'a BRAF gene fusion event
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greater degree of genomic instability with >3 CNAs
(Costa et al. 2016; Maize et al. 2005). Similar to
uveal melanomas which are genetically related to
blue nevi in that they share mutations in the Gaq
signaling pathway, loss of BAPI on chromosome
3 in tumors with a blue nevus phenotype is associ-
ated with aggressive disease and poor prognosis
(Costa et al. 2016).

A similar pattern of increasing CNAs has been
documented in Spitz tumors, which frequently
cause diagnostic uncertainty due to ambiguous his-
topathologic features. One study documented 0—1
CNAs in unambiguous Spitz nevi and 1-8 CNAs
in atypical Spitz tumors and spitzoid melanomas
(Raskin et al. 2011). Ambiguous spitzoid neo-
plasms are the most common tumors for which
ancillary molecular testing is requested (North
etal. 2014). Unfortunately, outside of a few distinct
scenarios such as isolated chromosome 11p gain in
HRAS mutant Spitz nevi (Fig. 2) and isolated losses
on chromosome 3p in BAPIl-inactivated
melanocytomas (Fig. 3), there is a dearth of evi-
dence regarding the reliability of ancillary molec-
ular tests in this setting. Practically speaking,
ambiguous spitzoid tumors with CGH testing
showing solitary chromosomal abnormalities at
loci which are not typically associated with mela-
noma such as chromosome gain at 11p or 7q can be
regarded as benign, while spitzoid tumors with
multiple melanoma-associated CNAs should be
regarded as melanoma. An intermediate category
of spitzoid tumors may exist in children which
have small numbers of CNAs that are not com-
monly found in melanoma. These tumors fre-
quently metastasize to the regional lymph nodes,
but risk of metastasis beyond regional lymph nodes
is low. Such atypical Spitz tumors could represent
partially transformed neoplasms, but current under-
standing of such cases is limited.

Another setting which causes diagnostic uncer-
tainty is the development of hypercellular, mitot-
ically active nodules within a preexisting
congenital melanocytic nevus. CGH testing of
such proliferative nodules frequently shows
gains or losses of entire chromosomes, particu-
larly loss of chromosomes 7, 9, or 10, rather than
the segmental chromosomal gains and losses seen
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in melanomas arising in congenital nevi (Bastian
etal. 2002). However, a case of melanoma arising
in a giant congenital nevus with only whole chro-
mosome gains has been reported (Machan et al.
2015), and proliferative nodules with partial chro-
mosomal losses involving chromosomes 7, 10,
and 11 have also been reported (Yélamos et al.
2015a). Hypercellular nodules can also arise
within congenital plaque type blue nevi (plaque
type blue nevus with subcutaneous cellular nod-
ules). In contrast to the benign proliferative nod-
ules seen in conventional congenital nevi, CGH
analysis of these nodules suggests that they often
represent bona fide melanomas arising within blue
nevi with classical melanoma associated CNAs
such as chromosome 6p gain and 6q loss (North
et al. 2012).

Prognosis

In addition to functioning as a diagnostic aid in
ambiguous melanocytic neoplasms, CGH may
also provide prognostic information. A study
comparing 10 lethal melanomas to 10 melanomas
with favorable outcomes found a relationship
between number of CNAs and prognosis. Lethal
melanomas had a mean CNA count of 14 com-
pared to a mean of 2 CNAs in the nonlethal
melanomas (Hirsch et al. 2012). Specific CNAs
can also have prognostic implications, such as
chromosome 3 loss as a poor prognostic indica-
tor in blue nevus-like melanoma and uveal mel-
anoma (Costa et al. 2016; Sisley et al. 1997).
Chromosome 8q gain is also associated with
aggressive disease in uveal melanoma (Sisley
etal. 1997).

Limitations of CGH

* High cost and limited availability of CGH
testing

+ Limitations in assessing clonal heterogeneity
within a tumor

+ Relatively large amount of tumor DNA
required

+ Possible false negative results through normal
cell contamination

* No mutation information

+ Relatively long term around time (>2 weeks)
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Fluorescence In Situ Hybridization
(FISH)

The discovery of recurrent CNAs in melanoma by
CGH led to the development of FISH probe sets
targeting those melanoma associated CNAs. In
FISH, fluorescently labeled nucleic acid probes
target chromosomal loci of interest and can be
used to assess for CNAs and/or chromosomal
translocations. These probes are hybridized to
tissue sections on glass slides where fluorescent
signals can be counted in individual tumor cells
through a fluorescent microscope. Signals are
enumerated in randomly selected nuclei in the
most suspicious area of the lesion. When the per-
centage of nuclei with deviating signal counts
exceeds the preset threshold (Table 2), the results
support a diagnosis of melanoma (Figs. 5 and 6).
Familiarity with the FISH technique is critical to
ensure that only tumor cells are counted, and that
counts from overly truncated nuclei are excluded.

The first study assessing multiple FISH probes
for distinguishing nevi from melanomas evaluated
FISH probes targeted to chromosomal regions that
prior CGH studies had identified as most frequently
altered in melanoma. In this study, a probe set
targeting 6p25, 6923, and 11q13, with a reference
centromere 6 probe to assess for relative 6p gain
and 6q loss, yielded the best results (Gerami et al.
2009a). This original probe set discriminated defin-
itive melanomas from nevi with 87% sensitivity
and 95% specificity, and correctly identified all 6 of
27 ambiguous primary tumors with long-term clin-
ical follow-up that later metastasized. Subsequent
studies validated the high sensitivity and specificity
of this probe set in distinguishing blue nevi from
blue nevus-like melanoma (Gammon et al. 2011),
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lentiginous melanocytic neoplasms (Newman et al.
2009), nodal nevi from metastatic melanoma (Dal-
ton et al. 2010), nevoid melanoma from mitotically
active nevi (Gerami et al. 2009b), conjunctival nevi
from conjunctival melanoma (Busam et al. 2010),
and atypical intraepidermal melanocytic neo-
plasms (Gerami et al. 2010). While maintaining
high specificity in desmoplastic nevi, the sensitiv-
ity for detecting desmoplastic melanomas in this
probe set was only 47% in one study (Gerami et al.
2011a).

While FISH performs with high sensitivity and
specificity in studies of unequivocal nevi and mel-
anomas, the limited number of studies with
ambiguous neoplasms with known follow-up
indicates caution is warranted when interpreting
FISH results. A sensitivity of 43% was reported
for the detection of lymph node or distant meta-
static spread in a cohort of 90 ambiguous
melanocytic tumors which contained a large per-
centage of spitzoid tumors (Vergier et al. 2011). In
an effort to address this, addition of a probe for
detection of chromosome 9p21 (CDKN2A) loss
was shown to increase sensitivity from 70% to
85% in a study of 43 spitzoid melanomas (Gam-
mon et al. 2012). Homozygous 9p21 loss was also
found to be particularly significant in a cohort of
75 atypical Spitz tumors in which 6/8 patients
who developed stage 4 disease and 3/3 patients
who died of metastatic melanoma had homozy-
gous 9p21 loss (Gerami et al. 2013). These results
justify addition of a 9p probe to assess for
CDKN24 loss, particularly for spitzoid tumors.

A second FISH probe set incorporating homo-
zygous 9p21 loss with 6p25, 11q13, and 8q24 gain
outperformed the original probe set in
distinguishing melanoma from nevi in one study,

Table 2 Criteria for positive FISH testing in melanocytic tumors

Rel. 6p Homozygous 9p
6p gain gain® 6q loss® | 11q gain 8q gain loss
Gerami et al. 2009a | >29% >55% >40% | >38% N/A N/A
Gerami et al. 2012 | >29% N/A N/A >29% >29% >29%
Neogenomics >29% N/A N/A >29% >29% >29%
NeoSITE 17-29% b-line® 20-29% b-line* | 11-29% b-line® | 11-29% b-line*

*Borderline positive

PRelative 6p gain determined by the number of nuclei with 6p signal count greater than reference centromere 6 count
°6q loss determined by the number of nuclei with 6q count less than centromere 6 count
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Fig. 5 FISH showing 11q13 gain in a melanoma. Neo-
plastic cells show >3 green signals per nucleus indicative
of chromosome 11q13 gain. FISH 400x: Green probe-
11q13, red probe- 6p25

showing 94% sensitivity and 98% specificity
(Gerami et al. 2012). As this second probe set
targets four different chromosomes compared to
two in the original set, it permits better detection
of polyploidy. Polyploidy can be found in both
melanomas and nevi, particularly Spitz nevi, and
can generate false positive FISH results (Fig. 7)
(Zembowicz et al. 2012). The addition of an 8q24
probe appears to be particularly useful in acral and
nevoid melanomas, both of which harbor frequent
8q24 gains (Su et al. 2017; Yélamos et al. 2015b).
Similar >90% sensitivity and specificity for the
second probe set was also found in 39 unequivocal
melanomas and nevi in one study (Minca et al.
2016). However, sensitivity and specificity
dropped dramatically (56% and 83%, respectively)
when testing ambiguous cases, and one additional
study of the second probe set involving 37 chal-
lenging melanocytic tumors showed an even lower
sensitivity (39%) (Al-Rohil et al. 2016). While the
lack of correlation with long -term follow-up and
metastatic spread was a limitation in both these
studies, their results combined with the paucity of

Fig.6 FISH showing homozygous 9p21 loss indicative of
CDKN2A loss. Neoplastic cells have no detectable 9p21
signal (red), but show 1-2 signal counts for the control
green probe (centromere 9). Stromal cells show 1-2 red
signals (white arrows). FISH 400x: Green probe — centro-
mere 9, red probe 9p21

other studies comparing the original and second
probe sets makes it difficult to determine which is
superior. While a single probe set suitable for all
types of melanocytic tumors would be ideal, it is
more likely that a tailored approach with different
FISH probes targeting the most common CNAs in
the type of neoplasm being tested would bring the
highest sensitivity and specificity.

Prognosis

FISH has also demonstrated prognostic value in the
assessment of melanocytic tumors. In a cohort of
144 primary melanomas of at least 2 mm thickness,
positive FISH testing with the original chromo-
some 6 and 11 probe set was associated with
increased risk of metastasis (hazard ratio 5.9)
even after controlling for other known prognostic
factors such sentinel lymph node status, ulceration,
Breslow depth, and patient age (North et al. 2011).
Gain of 11q13 (CCNDI) and 8q24 (MYC)
have been associated with metastatic potential
(Gerami et al. 2011b). As previously mentioned,
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Fig. 7 Tetraploidy in FISH. Tetraploidy should be
suspected in FISH when 3-4 probe signals are seen for
all probes in the cells of interest. As only partial sections of
nuclei are present in FISH sections, not all cells will show
four signals in tetraploid states. In this case, many cells

homozygous loss of 9p21 was associated with
metastatic and lethal spitzoid melanomas, while
spitzoid neoplasms with solitary 623 loss appear
to have a good prognosis with low rates of spread
beyond regional lymph nodes (Shen et al. 2013,
23).

Limitations of FISH

* Copy number assessment limited to only a
small number of chromosomal loci

» Requires expertise and special equipment

 Different laboratories use differing thresholds
and include borderline positive categories
which impairs comparison of test results
between laboratories (Table 2)

+ False positive tests due to polyploidy

Next Generation (Massive Parallel)
Sequencing

The development of a melanocytic neoplasm,
whether it is a nevus or melanoma, requires an initial
mutation that stimulates cell proliferation (driver
mutation). Driver mutations in melanocytic tumors
most frequently involve the MAP-kinase pathway,
with BRAF, NRAS, and KIT mutations being among
the most common. Such mutations are easily detect-
able through DNA sequencing and can provide
treatment guidance in directing targeted therapy of

have 3—4 signals of green (11q13), red (6p25), and blue
(centromere 6). While the signal count reaches the thresh-
old for a positive FISH test, tetraploidy can be seen in both
nevi and melanomas and should not be reported as positive
(FISH 400x)

advanced stage melanoma (e.g., BRAF inhibitors).
However, detection of these driver mutations holds
minimal benefit for the diagnosis of ambiguous
melanocytic tumors given the shared presence of
these mutations in both nevi and melanomas. The
development of massive parallel/next generation
(next gen) sequencing has revolutionized molecular
testing and our understanding of melanocytic neo-
plasia as it allows for a more comprehensive assess-
ment, namely the identification of secondary and
tertiary mutations that mark the transition to mela-
noma. This type of sequencing can be tailored for
analysis of the whole genome, the exome (i.e., all
protein-encoding sequences of genes), or any
desired panel of cancer-associated genes. Data pro-
duced from next generation sequencing not only
provides mutation analysis of cancer associated
genes; it can identify chromosomal rearrangements,
and simultaneously provide chromosomal copy
number information to indicate the presence of
CNAs (Shain et al. 2015). Next gen sequencing
can be used for in depth analysis of clonal evolution
within a heterogeneous tumor through microdissec-
tion of different cell populations and sequencing
these distinct areas (Fig. 8).

While the detection of a MAP-kinase driver
mutation cannot distinguish a nevus from mela-
noma, detection of such a mutation in combination
with additional mutations in tumor suppressor and
other genes can be informative in distinguishing
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Fig.8 Next gen sequencing in a complicated melanocytic
neoplasm. (Top) A large, heterogeneous melanocytic neo-
plasm shows three distinct populations of melanocytes
labeled (a), (b), and (c). Each area was microdissected
and analyzed with next gen sequencing. Copy number
analysis and salient mutations for each area are located in
the lower panels. (a) An area of unequivocal melanocytic
nevus with nests of small melanocytes is present in the
epidermis. Next gen sequencing shows no CNAs with a
solitary BRAFY**°% mutation. (b) Centrally, larger mela-
nocytes form fascicles in the dermis with numerous
melanophages (depth 2.5 mm). Next gen sequencing
shows BRAFY°° mutation with additional chromosome
7q gain where BRAF is located, and mutation of the

benign and malignant melanocytic neoplasms, par-
ticularly when accompanied by CNA assessment. A
study of melanomas arising within precursor nevi
indicates unequivocal melanocytic nevi frequently

BRAFV600K + CTNNB1

BRAFV600K + CDKN2A

CTNNBI gene encoding beta-catenin. (¢) On the right,
large melanocytes are irregularly distributed in the epider-
mis with pagetoid scatter. Nests of similar cells are present
in the dermis (depth 0.7 mm) with a florid lymphocytic
inflammatory reaction. Next gen sequencing shows
BRAFY®*% mytation with an additional CDKN2A4 muta-
tion, but no CTNNBI mutation. Numerous CNAs are pre-
sent including gains of chromosome 1q, 5, 6p, 7, 8q,
15, 18, and 20 and losses of 4, 6q, 9p, and 16. Incorporating
both the molecular and histopathologic features leads to the
correct diagnosis: Melanoma, 0.7 mm thickness, arising in
a BRAFV%°% nevus with a separate deep penetrating nevus
that arose independently from the same precursor BRAF
mutant nevus. Top — H&E 20x, Middle — H&E 100x

possess only a single driver mutation (most
often BRAF Y°°°F) with no additional mutations
or CNAs (Shain et al. 2015). Meanwhile nevi
with some degree of histopathologic atypia that
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generate diagnostic uncertainty often harbor NRAS
or BRAF™™VE mutations with some additional
mutations such as heterozygous CDKN2A4 or TERT
promoter mutations. Further mutations in tumor
suppressors such as PTEN, TP53, ARID1/2, and
homozygous mutation/loss of CDKN2A arise dur-
ing progression to invasive melanoma. Next gener-
ation sequencing provides a complete picture of
both initiating and subsequent mutations as well as
CNAs, and thus represents an improved test for
assessing ambiguous melanocytic neoplasms. Due
to the high cost and labor intensive nature of next
gen sequencing, there is a lack of studies assessing
the value of this molecular test in this capacity.
However, as illustrated by the tumor in Fig. 8, next
gen sequencing can be an extremely valuable
adjunct to assist in accurate classification of difficult
melanocytic neoplasms. Next gen sequencing also
provides valuable information to guide treatment. In
a study of targeted next gen sequencing for 274 con-
secutive melanomas, actionable mutations were
detected in 72% of tumors, highlighting the utility
of such analysis for guiding therapy (Leichsenring
et al. 2018). Next gen sequencing also provides
information on mutational burden allowing an esti-
mate of the neoantigen load to help assess the like-
lihood of response to immune checkpoint blockade
therapy. The greater the mutation burden and neo-
antigen load in a melanoma, the more likely the
tumor is to respond to such immunotherapies (Van
Allen et al. 2015).

Prognosis

Numerous studies have assessed mutation status
with prognosis. While BRAF mutation has no
implications in the distinction of melanocytic
nevi from melanomas, the presence of BRAF
mutations in melanomas has been associated
with more aggressive disease when compared to
BRAF wild type melanomas in some studies
(Nagore et al. 2014; Long et al. 2011). TERT
promoter mutations have also been associated
with a poor prognosis in non-acral cutaneous mel-
anomas (Griewank et al. 2014). Regarding
spitzoid neoplasms, TERT promoter mutations
were found in the only four lethal melanomas in
a study of 56 atypical Spitz tumors and spitzoid
melanomas, while all nonlethal tumors lacked the
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mutation (Lee et al. 2015a). Bi-allelic inactivation
of BAP1, often through a combination of mutation
and chromosome 3 loss, is a poor prognostic
indicator in uveal and blue nevus-like melanoma
(Harbour et al. 2010), while mutations in SF3B/
or EIFIAX are associated with less aggressive
uveal melanomas (Harbour et al. 2013; Martin
etal. 2013).

Limitations

* Requires special equipment and bioinformatic
infrastructure

+ Expertise required to determine which DNA
alterations represent true pathogenic mutations

RNA-Based Testing
Gene Expression Analysis

Commercially available gene expression tests are
available for both diagnostic and prognostic assis-
tance in melanocytic tumors. Quantitative reverse
transcriptase polymerase chain reaction (RT-PCR)
is used to assess mRNA levels in select genes from
formalin fixed, paraffin embedded tissue. A
23 gene panel with a reported sensitivity and spec-
ificity of approximately 90% in distinguishing
unequivocal nevi from melanomas is commercially
available from Myriad (myPath® Melanoma) to
assist in the diagnosis of ambiguous melanocytic
neoplasms (Clarke et al. 2015). mRNA levels of
23 genes including one melanocytic differentiation
gene (PRAME), 8 immune-related genes, 5 cell
signaling genes, and 9 housekeeping genes are
assessed in a proprietary algorithm, and a score
from —16.7 to 11.1 is generated (Table 3). Scores
from —16.7 to —2.1 are considered likely benign,
scores from —2.0 to —0.1 are indeterminate, and
scores from 0.0 to +11.1 are considered likely
malignant. Large validation cohorts have been
studied with this test with a range of different
types of nevi, but the vast majority of melanomas
assessed include only superficial spreading, lentigo
maligna, and nodular melanomas (Clarke et al.
2015, 2017a). Lower sensitivity of 75% was
reported in a later study on desmoplastic melanoma
and desmoplastic nevi, while specificity remained
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Table 3 Myriad myPath PRAME CLTC*
gene expression panel S10047 MRFAPI
S10048 PPP2CA?
S10049 PSMAI?
S100412 RPL134*
PI3 RPLS?
CCLS RPS29*
CD38 SLC25A43%
CXCL9 TXNLI
CXCLI10
IRF1
LCP2
PTPRC
SELL

Control genes

high in this setting (100%) (Clarke et al. 2017b).
Limited numbers of acral, spitzoid, nevoid, and
blue nevus-like melanomas have been assessed.
Case reports of false negative myPath® results in
blue nevus-like melanomas indicate caution is
warranted when testing less common variants of
melanoma with this assay (Castillo et al. 2018). A
significant limitation for incorporating this gene
expression test into clinical practice is the lack of
data on performance in ambiguous melanocytic
tumors with known clinical outcomes. As the test
is intended for use in such ambiguous tumors and
not unequivocal nevi and melanomas, further stud-
ies are needed to determine the sensitivity and
specificity in ambiguous neoplasms.

myPath® Gene Expression Versus FISH

In a head-to-head study of FISH and the myPath®
gene expression test, FISH outperformed
myPath® with 93% sensitivity, 100% specificity
in unequivocal nevi and melanomas compared to
62% sensitivity, 97% specificity for myPath®
(Minca et al. 2016). Performance of both tests
decreased for histopathologically ambiguous
cases with sensitivity and specificity of 52% and
80% for myPath®™ compared to 56% and 83% for
FISH, with 15% of cases yielding indeterminate
readings for myPath®. Sensitivity was particularly
poor in spitzoid tumors (30% myPath, 50%
FISH). A similar study comparing myPath® with
FISH showed 72% sensitivity and 94% specificity
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for myPath in an initial cohort of unambiguous
nevi and melanomas, which decreased to 50%
sensitivity and 96% specificity in tumors with
ambiguous histopathologic features (Reimann
et al. 2018). FISH was not tested in the initial
unambiguous cohort, but showed 61% sensitivity,
100% specificity in the ambiguous tumors. A
limited number of the ambiguous cases were
also tested with SNP array CGH. Overall, SNP
array CGH had the best correlation with consen-
sus diagnoses, followed by FISH and then
myPath®. A major limitation of these studies is
the lack of clinical outcome data for the ambigu-
ous tumors.

Noninvasive Gene Expression Testing

In addition to extracting RNA from a skin biopsy,
RNA can also be isolated from the stratum
corneum of the epidermis through a tape stripping
technique. A customized adhesive is applied to the
skin and when removed, pulls a portion of the outer
cornified layer off that can be assessed with
RT-PCR for gene expression. Early testing of this
technique generated a 17 gene expression panel
that distinguished between melanoma and nevi in
avalidation cohort with a sensitivity and specificity
of 100% and 88% respectively (Wachsman et al.
2011). Follow-up studies found a simplified two
gene assay targeting expression levels of
LINC00518 and PRAME had sensitivity and spec-
ificity of 91% and 69%, respectively (Gerami et al.
2017). Specificity appears to be highest when
expression levels for both genes test positive
(Ferris et al. 2018). This testing is commercially
available as the pigmented lesion assay (PLA) from
DermTech. The number of studies assessing the
clinical utility of this technique is limited.

Limitations

+ Diagnostic gene expression tests are only val-
idated for primary biopsies of primary tumors
and are not recommended for re-excision
specimens

+ Additionally, tape stripping analysis is not val-
idated for use on mucosal surfaces, acral sites,
areas where non-vellus hair cannot be trimmed
(e.g., scalp), bleeding or ulcerated lesions,
pediatric patients, patients with a Fitzpatrick
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skin type IV or higher, and nonpigmented
lesions

* Reports indicate poor sensitivity for spitzoid
and blue nevus-type tumors

* A significant percentage of cases return an
indeterminate result for myPath®

Prognosis

Commercially available prognostic gene expres-
sion tests are available for uveal melanoma (Cas-
tle Biosciences, DecisionDx-UM) and cutaneous
melanoma (Castle Biosciences, DecisionDx-
Melanoma). Both tests divide melanomas into
prognostic classes based on differential gene
expression patterns. The uveal DecisionDx-UM
test utilizes a 15-gene panel to identify tumors as
class 1A with a 2% chance of metastasis within
5 years, class 1B with a 21% chance, and class
2 with a 72% chance (Gill and Char 2012). The
DecisionDx-Melanoma test uses a 31-gene panel
to determine prognosis for cutaneous melanoma
(Table 4) (Gerami et al. 2015). Cutaneous class
1 melanomas have an 8% risk of metastasis within
5 years, while class 2 tumors have a 38% risk
(Zager et al. 2018). The prognostic value of
these gene expression tests appears to be indepen-
dent of other known prognostic factors including
tumor thickness and sentinel lymph node status.
In an effort to further subclassify prognostic
groups, class 1 and 2 were split into classes 1A,
1B, 2A, and 2B. This results in greater separation
between prognostic groups 1A and 2B, but creates
a more confusing classification for 1B and 2A,
where class 1B tumors can have a worse progno-
sis than 2A tumors (Zager et al. 2018). Concern
has also been raised regarding the use of the test in
early stage melanoma, as there could be potential

Table 4 DecisionDx-
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harm from overtreatment and emotional distress
for patients with class 2b results that still have
>85% five year survival rates (Marchetti et al.
2018). The cost of the test (~$8000) is also a
potential concern. The 2018 recommendations
from the American Joint Committee on Cancer
(AJCC) did not find sufficient evidence to recom-
mend gene expression profiling for staging of
cutaneous melanoma. Prospective clinical trials
are needed to demonstrate test benefits outweigh
potential harms and high costs.

MicroRNA

MicroRNAs (miRNA) are small, noncoding RNA
molecules that regulate gene expression by bind-
ing messenger RNA (mRNA) and preventing pro-
tein translation. Hundreds of miRNA genes have
been discovered, indicating broad involvement of
this type of RNA in cellular function. Addition-
ally, dysregulation of miRNA has been demon-
strated in various cancers, including melanoma
(Lu et al. 2005). A small number of studies have
looked at the differential expression of miRNAs
in different types of melanocytic tumors (Table 5).
Significant increase in miR-21-5p and miR-424-
S5p has been found in invasive melanoma com-
pared with in situ melanoma, while let-7b levels
were decreased in invasive and in situ melanomas
compared with melanocytic nevi (Babapoor et al.
2017). miR-21 and miR-155 have been reported
as two of the most highly upregulated miRNAs in
melanoma and borderline melanocytic neoplasms
compared to nevi (Grignol et al. 2011). Spitzoid
melanomas have increased miR-21, miR-150,
miR-155, and miR-200c¢ levels, while Spitz nevi

" BAPI SAP130 CRABP2 TRIM29

Melanopla prognostic gene MGP ARGI KRT14 A0P3
expression panel

SPP1 KRT6B ROBOI1 TYRPI

CXCL14 GJAI RBM23 PPL

CLCA2 ID2 TACSTD?2 LTA4H

S10048 EIFIB DSCI CST6

S10049 BTGI SPRRIB

HNRPNL? YKT6" FXRI?

aControl genes
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Table 5 MicroRNA levels

. ; Upregulated Upin
in melanocytic neoplasms in melanoma nevi
miR-17-5p Let-7b
miR-21 miR-
22
miR-107 miR-
211
miR-130
miR-150
miR-155
miR-181-b
miR-200c
miR-221
miR-424-5p

have upregulation of miR-22 (Latchana et al.
2017). miRNA levels can be quantified with
RT-PCR, or in situ hybridization can also be
used to assess miRNA expression levels in routine
biopsies. Due to the limited amount of study data,
miRNA analysis is not currently routinely used in
clinical practice for evaluating melanocytic
tumors.

Protein-Based Testing
Immunohistochemistry

Immunohistochemistry involves the use of mono-
clonal or polyclonal antibodies to assess for the
presence of a target protein. A direct method can
be employed in which the primary antibodies are
conjugated to a signaling molecule such as a fluo-
rescent tag which can be visualized with micros-
copy. An indirect method utilizes an unlabeled
primary antibody followed by a secondary anti-
body that binds the Fc portion of the primary
antibody. The secondary antibody is linked to a
marker molecule or enzyme that catalyzes a detec-
tion signal (e.g., peroxidase). The indirect method
has the advantage of signal amplification, where
multiple secondary antibodies will bind the pri-
mary antibody and amplify the signal.
Immunohistochemical staining (immunostaining)
is routinely used by pathologists to aid in the diag-
nosis of melanocytic neoplasms. Immunostaining
with antibodies to proteins such as SOX10, S100,

643

Melan-A, tyrosinase, HMB45, and MITF can be
used to assess for melanocytic differentiation in a
tumor. SOX10 and S100 stains offer high sensitivity
for the detection of melanocytic tumors, but lack
specificity. Immunostains targeting melanosome-
associated proteins such as Melan-A and HMB45
are more specific, but are frequently negative in
poorly differentiated melanocytic tumors (e.g.,
desmoplastic melanoma). Dermal maturation gradi-
ents that are typically found in melanocytic nevi and
not in melanoma can also be assessed for with
HMBA4S5 staining.

In addition to identifying melanocytic lineage,
immunostains are also used as diagnostic adjuncts
in the assessment of ambiguous melanocytic neo-
plasms. Markers of cellular proliferation and
mitosis such as Ki-67 and phosphohistone H3
show increased labeling in melanomas compared
to nevi. Assessing their expression in the context
of other clinical and histopathologic features can
add value in distinguishing melanocytic nevi and
melanomas and can also add prognostic value
(Ladstein et al. 2010; Nielsen et al. 2013). Loss
of tumor suppressor proteins such as pl5, pl6,
and p21, which play critical roles in the preven-
tion of melanoma development, can also be
assessed with immunohistochemistry. Semiquan-
titative or quantitative analysis of p16 staining can
provide insight into hetero- or homozygous loss
of the CDKN24 gene (Shain et al. 2015). Loss of
p16 expression has been found in multiple studies
as a distinguishing feature between melanoma
(absent pl6 expression) and Spitz nevi (Harms
et al. 2016; Wiedemeyer et al. 2018)

Recently, an antibody for PRAME was devel-
oped to assist in distinguishing nevi from melano-
mas. PRAME was first discovered as a protein in
metastatic melanoma, but it has subsequently
been identified as a tumor antigen in cancers of
numerous organ systems. PRAME expression
levels are a component of multiple RNA expres-
sion assays used as diagnostic and prognostic tests
in the assessment of melanocytic tumors (see
GENE EXPRESSION ANALYSIS section). Pos-
itive immunostaining for PRAME has recently
been reported as ~85% sensitive for the detection
of melanoma in a cohort of 255 primary and
metastatic melanomas (Lezcano et al. 2018).
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Sensitivity was high for acral, superficial spread-
ing, nodular, and lentigo maligna melanoma sub-
types, while only 35% of desmoplastic
melanomas were positive. PRAME expression
may be useful to assess surgical margins for
subtle melanoma in situ as well. Approximately
15% of melanocytic nevi are PRAME positive,
typically showing only focal staining for
PRAME.

Immunohistochemistry and Epigenetics
Asunderstanding of the epigenetics of melanocytic
neoplasia has increased, immunostains have been
developed to target epigenetic differences between
melanocytic nevi and melanomas. Loss of the epi-
genetic marker 5-hydroxymethylcytosine (5-hmC)
has been reported as a distinguishing feature of
melanoma that can be assessed by immunostaining
(Lian et al. 2012). Numerous studies have shown
sensitivity and specificity >90% for 5-hmC
staining in the diagnosis of various types of nevi
including conventional nevi, Spitz nevi, dysplastic
nevi, blue nevi, deep penetrating nevi, and
intranodal nevi and various types of melanoma
including melanomas on acral skin, skin from
both low and high cumulative sun exposure, muco-
sal melanomas, and metastatic melanomas (Lee
et al. 2015b, 2017; Uchiyama et al. 2014). 5-hmC
staining in histopathologically ambiguous neo-
plasms has been reported in one study and appears
less definitive showing intermediate levels of
5-hmC expression.

An additional epigenetic alteration reported
to assist in the diagnosis of melanomas is loss of
trimethylation at lysine 27 of histone H3
(H3K27me3). Distinguishing spindle cell and
desmoplastic melanomas from malignant
peripheral nerve sheath tumors (MPNSTs) can
be exceedingly difficult. Loss of H3K27me3
was initially reported as a highly specific feature
of higher grade MPNSTs that was not seen in
spindle cell melanomas (Schaefer et al. 2016).
However, a larger follow-up study of
122 MPNSTs and 265 melanomas did not sup-
port this high specificity, with 72% of MPNSTs
showing complete loss of expression and 37%
of melanomas also showing complete loss of
expression (Le Guellec et al. 2017). The lack
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of specificity of H3K27me3 loss in this differ-
ential diagnosis limits the clinical utility of this
stain.

Immunohistochemistry for the Detection
of Genetic Alterations

Immunohistochemistry can also serve as a screening
tool for genetic alterations in melanocytic tumors.
As previously mentioned, loss of pl6 expression
can indicate inactivation/loss of CDKN2A. Loss of
nuclear BAP1 expression is indicative of bi-allelic
inactivation. When the nuclear localization
sequence of BAPI is disrupted, BAP1 protein can
be seen accumulating in the cytoplasm outside the
nuclear membrane by BAP1 immunostaining
(Fig. 9). However, some inactivating mutations of
BAPI still show preserved immunoreactivity, limit-
ing the sensitivity of the stain. Immunostains have
also been developed to detect common conserved
mutations in melanoma such as BRAFY**F and
NRAS™ with very high sensitivity and specificity
(Anwar et al. 2016; Massi et al. 2015). Similarly,
some kinase fusions can be assessed for using
immunostains. ALK immunostaining is highly
effective for the detection of ALK fusions, as ALK
protein is not normally expressed in melanocytes
(Busam et al. 2014). Of note, a small percentage of
melanocytic neoplasms without ALK gene fusion
can activate ALK through alternative transcript
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Fig. 9 Immunohistochemistry of BAPI inactivation. The
large neoplastic melanocytes show negative nuclear
staining, while positive staining is present in the cytoplasm
adjacent to the nucleus (yellow arrows). Nonneoplastic
stromal cells have normal nuclear expression of BAP1
(green arrows). BAP1 stain 600x, red chromagen
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activation of ALK, which can also produce positive
ALK immunostaining (Wiesner et al. 2015).
NTRKI1 staining can be helpful in detecting NTRK
fusions, but is more difficult to interpret due to basal
expression of NTRK proteins in normal melano-
cytes. ROS1 and MET stains are also available,
and high expression levels can indicate the presence
of the respective fusion kinase.

Immunohistochemistry for Immune
Checkpoint Blockade

Recent advances in immunotherapy for late-stage
melanoma have revolutionized treatment and
increased survival for patients. Given the high
cost and potential serious side effects of these
new immunologic therapies such as the immune
checkpoint blockade agents targeting PD1 and
PDLI, there is great interest in biomarkers that
can indicate likelihood of tumor response to ther-
apy. Dense infiltrates of CD8+ cytotoxic T lym-
phocytes have been observed in biopsies of
patients experiencing tumor regression after anti-
PDI1 therapy (Hamid et al. 2013). When assessing
pretreatment biopsies, the presence higher num-
bers of CD8+, PD-1+, and PD-L1+ cells at the
invasive tumor margin has been associated with
favorable treatment responses, with CD8 expres-
sion at the invasive margin being the most signif-
icant predictor in one study (Tumeh et al. 2014).
Expression of cell surface PDL1 by at least 5% of
tumor cells has been shown to indicate higher
likelihood of treatment response to anti-PD1 ther-
apy (Topalian et al. 2012). However, variable
tumor PDL1 expression can be seen in multiple
biopsies from the same patient, indicating this
method is problematic to predict treatment
response based on a single biopsy. Additionally,
while greater expression of PDL1 appears to con-
sistently indicate a higher likelihood of treatment
response (~45%) for both anti-PD1 and anti-
PDL1 therapy across multiple studies, approxi-
mately 15% of tumors that lack expression of
PDLI also respond to treatment (Sunshine and
Taube 2015). Standardization of scoring and
staining for PDL1 expression also presents chal-
lenges. While there does appear to be some utility
in immunostaining to predict treatment response,
it remains an imperfect modality and cannot be
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relied on as a sole predictor to guide therapeutic
decisions.

Mass Spectrometry

Mass spectrometry involves separation of a target
sample into its constituent parts based on mass
and charge. In a biopsy, this technique can be used
to identify different proteins in a given piece of
tissue and create multi-protein spectral plots for
comparison between nevi and melanomas. A pilot
study using matrix-assisted laser desorption ioni-
zation (MALDI) mass spectrometry to assess
spitzoid melanocytic neoplasms was reported in
2012 (Lazova et al. 2012). By analyzing both the
tumor and the adjacent tumor microenvironment,
this technique was able to differentiate between
Spitz nevi and spitzoid melanoma with 97% sen-
sitivity and 90% specificity. Two of the protein
peaks in the spectra used for distinguishing the
neoplasms were identified as actin and vimentin.
However, follow-up studies using immunohisto-
chemistry did not show any significant difference
in the expression of these proteins between the
nevi and melanomas (Alomari et al. 2015). Addi-
tional reports indicate promise for this test in
atypical spitzoid tumors with long-term follow-
up and anecdotally in a congenital nevus and
proliferative nodule (Lazova et al. 2016, 2017).
The test is now commercially available. However,
given the limited amount of published data, which
comes exclusively from the group that developed
and commercialized the test, clinical utility of this
test remains uncertain.

Conclusion

Multiple molecular tests are available to assist in
the diagnosis of melanocytic tumors. Immunohis-
tochemistry has become fundamental in all
pathology labs and is used daily to assist pathol-
ogists in the diagnosis of melanocytic tumors. In
cases where a definitive diagnosis is not achieved
from histopathologic and immunohistochemical
assessment, the DNA-based modalities of CGH
and FISH have the most study data to support their
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utility. Both can provide valuable information
regarding DNA copy number changes in a
melanocytic neoplasm, with CGH providing a
comprehensive view of the genome and FISH
assessing for targeted CNAs associated with mel-
anoma. Next gen sequencing provides the most
comprehensive genomic information, but presents
the most challenges with data interpretation. Gene
expression panels and mass spectrometry are
commercially available for both diagnostic and
prognostic use, but their niche in ancillary testing
of melanocytic tumors is less well defined. Further
studies are necessary to identify scenarios in
which these tests would be preferred.
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