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THE MOLECULAR PATHOLOGY OF MELANOMA: AN
INTEGRATED TAXONOMY OF MELANOCYTIC NEOPLASIA

Boris C. Bastian

Abstract

Melanomas are comprised of multiple biologically distinct categories, which differ in cell of
origin, age of onset, clinical and histologic presentation, pattern of metastasis, ethnic distribution,
causative role of UV radiation, predisposing germ line alterations, mutational processes, and
patterns of somatic mutations. Neoplasms are initiated by gain of function mutations in one of
several primary oncogenes, typically leading to benign melanocytic nevi with characteristic
histologic features. The progression of nevi is restrained by multiple tumor suppressive
mechanisms. Secondary genetic alterations override these barriers and promote intermediate or
overtly malignant tumors along distinct progression trajectories. The current knowledge about
pathogenesis, clinical, histological and genetic features of primary melanocytic neoplasms is
reviewed and integrated into a taxonomic framework.
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Classification of melanocytic neoplasms

Melanocytes can give rise to a diverse set of neoplasms with varying anatomic distribution,
clinical features, histopathological appearance, and biologic behavior. While melanocytes
are most abundant in the skin where they play a critical role in skin pigmentation and sun
protection, they are present in other locations throughout the body where they have
additional, less well understood functions. While melanocytic neoplasms most frequently
arise from melanocytes in the skin they can also arise from autochthonous melanocytes from
numerous internal organs including the central nervous system (CNS).

As a rule, benign neoplasms of melanocytic lineage are termed melanocytic nevi (the plural
of nevus) and malignant ones are termed melanomas; the often-used term “malignant
melanoma” thus represents a tautology. While melanomas can arise from nevi, as can be
inferred from the presence of an adjacent nevus remnant that is contiguous with a
melanoma, most primary melanomas do not show such an associated precursor nevus. In
part this is because the precursor nevus was overgrown by the melanoma during its
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progression, but in many instances there most likely was no detectable benign precursor
state.

It has long been noted that melanoma is comprised of different subtypes, depending on
where they arise and that their pathogenesis varies. The current WHO classification (1) is
based on the melanoma classification proposed by Clark and colleagues (2) more than 30
years ago, which uses morphologic aspects of the early (radial) growth phase and the body
site of the primary melanoma to distinguish four main types: superficial spreading
melanoma (SSM), lentigo maligna melanoma (LMM), nodular melanoma (NM) and acral-
lentiginous melanoma (ALM). The system captures archetypical patterns of clinical and
histological presentation, however a portion of melanomas cannot be unequivocally
categorized in any of the categories (3) and its impact on clinical care, in particular that of
advanced disease has been limited.

Over the last two decades tremendous progress has been made in uncovering genetic
alterations in melanocytic neoplasia and an expanding panel or recurrent driver mutations
that activate specific oncogenes or inactivate tumor suppressor genes is emerging.
Remarkably, many of the mutations are found in association with specific clinical or
histopathological subsets of lesions, strongly supporting the notion of biologically distinct
types of melanocytic neoplasms. This is true for melanomas as well as for melanocytic nevi,
which express a similar diversity in clinical appearance and histomorphology, age of onset,
anatomic site of the tumor, and the genetic alterations present.

A desirable classification system separates individual disease states by considering
differences in cell of origin, pathogenesis, clinical and histologic aspects, genetic alterations
etc. It can serve as a framework to develop refined approaches for primary prevention,
objective diagnostic and staging algorithms, and tailored therapeutic strategies. Such a
taxonomy differs from current approaches which rely primarily on one of these dimensions,
histology or mutation status, and instead integrates multiple aspects to capture individual
disease subtypes.

The organizing principle for this overview is the current, but still incomplete, clinical and
genetic data that is available in varying detail across the broad phenotypic spectrum of
melanomagenesis. The proposed taxa are separated in one dimension. For some taxa distinct
evolutionary stages - reaching from benign, intermediate, to malignant — are separated in the
second dimension (figure 1). The guiding principles for distinguishing taxa will be genetic
alterations that arise early during progression, clinical or histologic features of the primary
tumor, and characteristics of the host such as age of onset, ethnicity, skin type, and as the
role of environmental factors such a the role UV radiation.

Mutations common to all progression steps within a taxon will be considered probable
Initiating oncogenic events. They are gain of function mutations in oncogenes that tend to
occur in a mutually exclusive pattern. The known initiating oncogenic events in melanocytic
neoplasia are listed in table 1. By contrast, oncogenic events that mark the transition to the
next progression stage within a given taxon will be considered secondary (or tertiary)
oncogenic events. These are commonly loss of function alterations of tumor suppressor
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genes such as CDNK2A, TP53, PTEN, or BAP1, some of which are also encountered as
germ line alterations predisposing to syndromes with various types of melanocytic
neoplasms (table 2). Somatic alterations considered progression events are listed in table 3.
As a consequence, initiating oncogenic events will be most valuable for separating classes,
whereas later events serve to separate progression steps within classes. Primary and
secondary oncogenic events will not necessarily have a one-to-one relationship to either taxa
or the progression steps within a taxon. Some classes may have identical primary oncogenic
events and still deserve to be separated, if there are systematic differences in other relevant
parameters. For example, acral melanomas and CSD melanomas both can have KIT
mutations but differ sufficiently in other parameters (type of genomic instability, pathogenic
role of UV radiation, etc.) and therefore are separated. Similarly, stage-defining secondary
oncogenic events may be shared among several classes.

The proposed taxa are summarized in table 4, and the basis for their distinction is detailed in
the following paragraphs. While remarkable progress has been made in bringing to light
critical genetic alterations, the progress is far from completed. This review attempts to
capture the salient aspects of insight into the molecular pathology of melanocytic neoplasia
and to present an organizational taxonomic framework that can continue to be filled in and
refined, as additional defining features continue to emerge.

Melanocytic neoplasms originating from epithelial melanocytes

The majority of melanocytic neoplasms show an intraepithelial component, with neoplastic
melanocytes present within the epithelium. While this does not necessarily allow the
conclusion that the cell of origin of these neoplasms resides within the epithelium, the high
mutational burden and UV signature in melanomas originating from the non-glabrous skin
strongly suggests that many originate from epidermal melanocytes. Lesions of intraepithelial
origin are distinct from melanocytic neoplasms, which consistently lack an epithelial
involvement such as uveal melanoma and intradermal melanocytic proliferations, both of
which share common mutations in the two G-protein alpha subunits GNAQ and GNA11.
They are separated here as a distinct clade and discussed at the end. The other clade of
epithelia-associated melanocytic neoplasms is divided further into several classes based on
anatomic site and the degree of sun exposure. In Caucasians, which have the highest burden
of melanocytic neoplasms, the overwhelming majority of lesions presents on skin that bears
hair follicles and is subject to UV radiation, with only a small fraction presenting on hairless
(glabrous) skin of the palms and soles or sites covered with mucosa. As discussed below,
there are major phenotypic and molecular differences between melanocytic neoplasms on
sun-exposed skin depending on the degree of sun-exposure and anatomic site, so that these
classes are presented separately. Furthermore, melanomas on glabrous skin and mucosa also
have multiple distinctive features, and will be discussed separately. These considerations and
those detailed below are the background for the classification schema outlined in figure 1.

Melanocytic neoplasms on hair-bearing skin

Melanomas on sun-exposed skin without cumulative sun-induced damage
(non-CSD)—Shortly after the discovery of frequent BRAF mutations in melanoma (4) it

Annu Rev Pathol. Author manuscript; available in PMC 2016 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bastian

Page 4

became apparent that the mutations were unequally distributed across the phenotypic
spectrum of melanocytic neoplasms. Mutations were more common in younger patients
whose melanomas arose on skin that were sun-exposed, but not heavily sun-damaged as
evidenced by the presence of marked solar elastosis, an accumulation of degenerated elastic
fibers (5, 6). Follow-up studies confirmed these associations and added additional
distinguishing features of what emerges as a melanoma type that is characterized by a high
frequency of specific BRAF mutations with associated clinical and histologic features (6—
10) such as increased pigmentation of the primary melanoma by clinical examination, and
histopathological features such as a predominance of enlarged, hyperpigmented tumors cells
of round rather than spindled shape, increased upward intraepidermal scatter, predominance
of tumor cells nests over single cells, and thickening of the involved epidermis. Other
genetic alterations associated with this melanoma type include copy number increases of
chromosome 7, favoring the chromosome harboring the mutant BRAF allele (5), and loss of
chromosome 10, primarily driven by PTEN (11, 6, 12).

Melanomas of this category were also found more frequently to show an associated nevus
remnant (9). Independent studies had shown that melanomas on the trunk were associated
with increased nevus count and lower self-reported cumulative sun exposure and fewer non-
melanoma skin cancers as melanomas on the head and neck (13). These studies also
suggested that there were differences among the melanomas arising on the sun-exposed skin.
which as a group represent the most common form of melanoma and primarily affect
Caucasians. The melanomas on skin without chronic sun-induced damage (non-CSD
melanomas) were most commonly of the SSM type according to the WHO classification, but
the features described above showed a stronger association with the BRAF mutation status
(7) than the WHO classification of SSM.

Common acquired nevi: Studies by Pollock et al. and others showed that BRAF mutations
were also present in melanocytic nevi, with common acquired nevi being the type of nevus
with the highest BRAF mutation frequency (14). These nevi arise mostly during the first two
decades of life, primarily affecting the trunk and extremities, mostly sparing sun-protected
sites, and thereby implicating UV radiation as a contributing pathogenic factor.
Histologically they are separated into three types, depending on whether they are confined to
the epidermis (junctional nevi), or the dermis (dermal nevi), or show both a junctional and a
dermal component (compound nevi). There is an unresolved debate among pathologists
whether the nevi form at the dermo-epidermal junction with some melanocytes subsequently
“dropping” into the subjacent dermis, or whether they originate in deeper structures with
subsequent ascent of melanocytes into the overlying epidermis.

The symmetric distribution of the neoplastic cells in most nevi, the monotony of their
constituent melanocytes, and the presence of identifiable mutations in bulk populations of
nevus cells suggest that they result from the clonal expansion of a single cell. While some
studies have found that not all melanocytes within an acquired nevus may have detectable
BRAF mutations and concluded that nevi may not be clonal or that BRAF mutations are not
an initiating event, this finding may have been due to technical difficulties of quantifying
mutant alleles in small numbers of cells (15, 16). Recent immunohistochemistry studies
using a BRAF V600E gpecific antibody show labeling of the majority of neoplastic cells in
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melanocytic nevi harboring BRAF mutations but no labeling in nevi without BRAF
mutations. BRAF V600E mutations were also found to be fully clonal in neoplastic
population of melanocytes using digital droplet PCR to quantify the mutant to wild type
allelic ratios (17).

Tumor suppressive mechanisms at the junction between nevi and melanomas: The
finding of mutations in potent oncogenes in benign nevi such as NRAS in congenital nevi
(18), HRAS in Spitz nevi (19), and later BRAF in acquired nevi (14), GNAQ or GNA11 in
blue nevi (20, 21) originally came as a surprise, and the mechanisms suppressing the
expansion of partially transformed melanocytes in nevi became of significant interest. Many
of the studies have been performed in the context of BRAF mutations and therefore are
discussed in this section.

It has been posited that the melanocytes constituting a nevus are senescent, based on the
expression of B-galactosidase and other senescence-associated markers whereas melanomas
have acquired ways to bypass this arrest (22). However the situation is more complex,
because nevi routinely contain cells labeling with proliferation markers. Moreover,
melanomas and even melanoma metastases, can also have significant numbers of -
galactosidase positive cells (23).

The complexity can in part be attributed to the fact that senescence summarizes a growth-
arrested cellular state, which can be reached by a range of different mechanisms (24). One,
oncogene-induced senescence has been proposed as an immediate reaction in which a
mutation within a critical signaling pathway such as the MAP-kinase pathway leads to non-
physiologically high activation, which triggers a stress response leading to the induction of
cyclin-dependent kinase inhibitors such as p21 and p16, leading to permanent G1 arrest (25,
26). The critical role of p16 in melanoma is demonstrated by the fact that p16 is disabled by
deletion, mutation, or silencing of CDKN2A in the majority of melanomas, and germline
mutations in CDKN2A predispose to melanoma with high penetrance(27, 28). Ten percent
of melanoma patients have a family history of melanoma and of these 20-40% carry
germline mutations of CDKN2A, with mutations mostly in the exons or reading frame that
affects p16 and not p14, which is also transcribed from this same gene (29, 30).
Approximately 2-3% of melanoma families have CDK4 mutations in the p16 binding
domain (31), and a similar percentage has mutations that specifically disable p14/ARF(30,
32), which acts upstream of p53, by inhibiting its ubiquitinase mdma2.

However, nevi are composed of several tens of thousands of cells or more, indicating that the
senescence mechanisms at work are not immediate in nature, but engage with some latency.
It is conceivable, but difficult to prove, that individuals without nevi are able to effectively
induce such an immediate senescence response and thereby subdue any oncogene-induced
melanocytic proliferation before they can form a clinically detectable lesion. By contrast,
individuals with constitutional defects in immediate-type senescence may engage secondary
mechanisms that operate with a longer latency and thus lead to the formation of populations
of neoplastic melanocytes large enough to constitute a nevus. Patients with inherited
CDKN2A mutations have more and larger nevi than their wild type relatives (33, 34),
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indicating that p16 exerts its tumor suppressive function from nevus initiation to later phases
of nevus growth.

Replicative senescence induced by progressive telomere shortening is a mechanism that is
inherently latent in nature. However, critical telomere shortening occurs after approximately
60 population doublings, far more that would be expected to occur in a nevus, if all progeny
from the initial founder cell were proliferating equally. Other latent mechanisms that have
been linked to senescence include stochastic events triggered by DNA replication stress.
Constitutive proliferative signals from activated oncogenes can lead to DNA
hyperreplication, resulting in genomic instability in the form of prematurely terminated
DNA replication forks and subsequent double stranded DNA breaks. Markers of DNA
damage co-segregate with markers of senescence in pre-cancerous lesions, including
acquired and dysplastic nevi, implicating oncogene mediated replication stress as an
additional barrier towards transformation (35). This mechanism is expected to operate
stochastically and could explain why cell proliferation is exhausted in nevi following a
period of latency. In support of this model, random DNA copy number changes can be
observed within the melanocytes of a nevus by fluorescence in situ hybridization, while
clonal chromosomal aberrations are typically only present at the melanoma stage (36).
Exhaustion of nucleotides by oncogene-induced suppression of their synthesis has been
demonstrated to precede and directly contribute to the DNA damage response (37).
Additional mechanisms that have been implicated in melanocyte senescence include
paracrine factors such as interleukin-6 and -8 (38). In summary, these findings indicate the
existence of multiple, independent barriers that restrain the proliferation of partially
transformed melanocytes. A nevus that has reached a stable size thus might represent a
population of cells that have been growth-arrested by different mechanisms. This model
would explain the mosaic expression of individual senescence markers among the cells of a
given nevus (23, 39). It would also explain why the removal of individual mechanism, even
critical ones such as p16, is not sufficient to bypass the senescence process of melanocytes
(22), as other senescence mechanisms remain intact. The more such barriers become
disabled by inherited or by somatic mutations the larger the nevus will grow, and with it the
probability of full transformation to melanoma.

Activation of telomerase is emerging as a critical barrier to full transformation of
melanomas. While telomerase activity is low or absent in nevi, melanoma metastases
typically show significantly increased activity, with primary melanomas somewhere in
between (40, 41). Amplification of the TERT gene has been reported as a common event in
acral melanoma (6, 42) and observed to coincide with the transition to more advanced
primaries (43). Recently, frequent mutations in the telomerase promoter have been found in
melanoma (44, 45). Two mutational hotspots were found in a mutually exclusive pattern in
over 85% of melanoma metastases. The frequency was significantly lower in primary
melanomas (33%) and mutations were not found in 25 nevi examined, consistent with the
pattern of telomerase activation reported previously. These findings implicate telomere
length as a factor limiting net cell expansion somewhere during the evolution of the primary
melanoma. Considering that there is a selective advantage for activating telomerase in
primary melanomas, in which the numbers of neoplastic melanocytes is significantly below
the theoretical Hayflick limit, indicates stochastic attrition of melanocyte either by growth
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arrest or cell death. It is noteworthy that primary melanomas frequently show areas of
regression, i.e. areas in which neoplastic melanocytes have vanished but left behind a telltale
sign of their former presence in the form of melanophages, i.e. macrophages that have
ingested leftover melanin pigment. While it has been proposed that immune cell mediated
killing of melanoma cells is the main mechanism leading to melanoma regression, telomere
crisis has been proposed as an alternative mechanism (46).

However, immune-mediated mechanisms undoubtedly play an important role in addition to
the cell-autonomous mechanisms outlined above in restraining the expansion of the partially
transformed melanocytes of nevi and early melanomas. Nevi often show infiltrates of
lymphocytes, and are known to acutely regress when the inflammation is more pronounced.
The latter scenario is often accompanied by a clinically visible de-pigmented halo
surrounding the nevus. This phenomenon can affect multiple nevi simultaneously, and can
even be accompanied by vitiligo, suggesting that immune responses against one nevus can
extend to others. It is also well documented that nevi can enlarge or erupt de novo in large
numbers under immunosuppresion. Such eruptive nevi also frequently have BRAF
mutations and favor sun-exposed sites, indicating that the initiating mechanisms are identical
to other acquired nevi (47). In a liver model, hepatocytes that became senescent due to
oncogenic RAS were effectively eliminated by immune cells (48). The phenomenon of
eruptive nevi in immunosuppressed patients may indicate a similar immune surveillance that
restricts the number neoplastic melanocytes in melanocytic nevi. However, it does not
happen in all individuals, indicating that other factors are involved.

Epigenetic alterations are emerging as additional tumor suppressive mechanisms in
melanoma as evidenced by recurrent mutations in genes involved in chromatin remodeling
and dramatic changes in the chromatin state and DNA modifications in melanoma.
Sequencing studies have revealed recurrent mutations in components of the SWI/SNF
complex including ARID1A, ARID1B, and ARID2 as well as SMARCAA4 (12, 49).
SETDBL, a histone-methylating enzyme, is amplified in melanoma and its expression is
increased compared to melanocytic nevi (50). SETDBL resides within a narrow locus on
chromosome 1g21.3 that has also been implicated in melanoma susceptibility by genome-
wide association studies (51). The histone methyl transferase EZH2, a member of the
polycomb complex, is overexpressed in melanomas compared to nevi (52) and mutations
have been found in a small proportion of melanomas (49). Several studies have reported
marked alteration of the chromatin landscape and DNA methylation status during the
progression to melanoma. The histone variant macro-2HA is markedly diminished in
melanomas compared to nevi due to transcriptional downregulation (53). Genome-wide
hypomethylation and hypermethylation of certain promoter regions has been observed in
melanoma compared to normal melanocytes or neoplastic melanocytes of nevi (54-56). 5-
methyl hydroxylation of cytosine is abundant in melanocytic nevi, but there is a genome-
wide loss of 5-hydroxymethyl cytosine (5-hmC) at some point in the transition to melanoma
(57). The genetic basis underlying this dramatic change in 5-hmC is currently not clear. In
myelodysplastic syndrome and acute myeloid leukemia loss of 5-hmC is caused by loss of
function of the 5-methyl-cytosine hydroxylating enzymes of the TET family, which can
occur by inactivating mutations or functional inhibition via the production of 2-ketoglutarate
caused by mutations in IDH1 or -2 (58, 59). While mutations in TET and IDH appear to be
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infrequent in melanoma, decreased expression levels of these proteins have been implicated
as a mechanism underlying the loss of 5-hmC in melanoma progression (57). Inactivating
mutations in the deubiquitinase BAP1 have been found as frequent somatic events during the
progression of uveal melanoma, as discussed below (60). Germline mutations in BAP1 were
independently discovered in two families with uveal and cutaneous melanoma and atypical
Spitz tumors. In this setting, somatic loss of the remaining wild type allele in acquired nevi
with BRAF V600E led to clonal expansion of enlarged epithelioid melanocytes with nuclear
pleomorphism, but not clear-cut melanoma (61, 62). The resulting lesions show a bi-phasic
morphology and represents an example of step-wise tumor progression, with a common
acquired nevi initiated by BRAF mutation and promoted by loss of function of BAP1. BAP1
interacts with the polycomb factors ASXL1 and 2 and its substrates HCF-1 and OGT, but the
precise mechanism how its loss of function bypasses growth arrest in BRAF mutated nevi
remains to be elucidated.

Dysplastic nevi: The concept of dysplastic hevus was introduced in 1978 to identify an
indicator of melanoma risk and potential melanoma precursor (63). In a series of melanoma
families, family members were noted to have increased numbers of acquired nevi that were
unusually large, often exceeding 10 mms, and showed irregular pigmentation. The nevi
observed in patients with this syndrome were proposed to have specific histopathological
features such as nuclear pleomorphism, bridging of rete ridges, and lamellar fibrosis of the
papillary dermis. It later became clear that the histopathological features are very common in
acquired nevi in general and are not specifically associated with the syndrome or with the
size of the nevi (64, 65). It also became clear that in the general population the risk of
progression to melanoma is very low. Dysplastic nevi remain stable for decades and tend to
fade away later in life and removal of clinically dysplastic nevi is not recommended as long
as a lesion is not suspicious for melanoma.

Despite the changed perceptions, the term “dysplastic’ remains widely used among
clinicians and pathologists today, but with varying connotations. Clinicians use it to describe
acquired nevi measuring 7 mm or more that are flat, brown to orange-brown, do not show
the elongated hair of congenital nevi, and can have a darker or lighter center and fuzzy
borders. However, similar features are frequently present in smaller nevi as well.
Pathologists use it to describe nevi that have irregular architectural and cytological features.
Some schools grade lesions from having mild, moderate, to severe ‘dysplasia’ in an attempt
to position the lesion on a progression scale between a benign nevus and a melanoma (66).
This view contradicts the notion that they are entirely benign lesions, but implies that they
represent a spectrum. Another school uses the term to convey histopathological correlation
to the clinician’s perception of “dysplasia”, but considers them entirely benign. The latter
approach is based on the proposal of Ackerman to term flat nevi with bridging of nests,
papillary dermal fibroplasia Clark’s nevi (67). The inconsistent usage and different
meanings of the term “dysplastic nevus” has generated significant and unresolved
controversy and confusion about the treatment, in particular of incompletely excised lesions.

What remains uncontroversial is that the presence of multiple enlarged acquired nevi is
associated with an increased melanoma risk. For this assessment clinical examination is
sufficient, and histological examination does not provide additional information. It is also
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firmly established that nevus size is a heritable trait (68). The higher the count of large nevi,
the higher the melanoma risk (69). The presence of clinically dysplastic nevi is thus a
symptom of systemic melanoma susceptibility and reflects the inherited loss of genes
functionally involved in restraining the proliferation of melanocytes that have acquired
oncogenic mutations in genes like BRAF. The phenotype thus is useful to identify patients
with increased melanoma risk. By contrast, the degree of histopathologic dysplasia, if used
to determine how closely a given lesion comes to bona-fide melanoma, provides information
only about the lesion at hand, not about the patient’s overall melanoma risk. Nevi with
histopathological dysplasia have been analyzed for allelic imbalance and found to have
recurrent losses of heterozygosity of the CDKN2A and TP53 loci (70) and BRAF V600E
mutations (14).

In summary the collective findings outlined above indicate that the neoplastic proliferation
initiated by mutations in oncogenes is restrained by a multitude of independent mechanisms,
which can be overridden by additional mutations that lead to loss of function in multiple
tumor suppressor genes. These mutations can be inherited or somatically acquired. The
sizes, shapes, and colorations of acquired nevi are more homogeneous within an individual
than among different individuals. In twin studies the average nevus size is more tightly
correlated among monozygotic compared to dizygotic twins (71). This fact is used clinically
to identify pigmented lesions outside of the range defined by the majority of an individual’s
nevi as suspicious for melanoma (“ugly duckling” sign). In this light, the phenotype of
dysplastic nevus syndrome, i.e. the presence of multiple enlarged acquired nevi, indicates
the inherited loss or impairment of senescence barriers. By contrast, the “ugly duckling”
lesion arose through the somatic loss of a barrier.

Spitz tumors: The term Spitz nevus makes reference to Sophie Spitz’s description in 1948
of a form of melanoma in children that expresses a benign behavior. This contradiction was
resolved later by renaming lesions with these features as Spitz nevi. However, this type of
melanocytic neoplasm characterized by a predominance of large polygonal (epithelioid) or
spindled melanocytes with enlarged nuclei and often multinucleated cells has retained
considerable notoriety, because some cases diagnosed as such by even expert consultants
have metastasized widely. Here the term Spitz tumoris used to capture a range of
melanocytic neoplasms with overlapping histomorphology that includes Spitz nevi on the
benign end of the spectrum and spitzoid melanomas with lethal potential on the other. The
term atypical Spitz tumor captures borderline lesions with intermediate histological features.
Spitz tumors occur more commonly in children and young adults but can occur in all age
groups. Most neoplasms diagnosed as melanoma of childhood fall in the category of Spitz
tumors and generally have a lower mortality than melanomas of similar thickness in older
patients. Paradoxically they often grow rapidly, show numerous mitotic figures, and
commonly have lymph node involvement (72, 73). In one study, 47% of 52 cases showed
lymph node metastases, but only a single patient died of metastatic melanoma (73). In
conventional melanoma less than 20% of patients have a positive sentinel lymph node, and
those that do, have an increased risk for distant metastasis and death (74).

It is becoming increasingly clear that Spitz tumors are a heterogeneous group of genetically
and biologically distinct categories. Approximately 20% of cases show oncogenic mutations
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of HRAS, typically accompanied by copy number increases of the entire short arm of
chromosome 11 as the only chromosomal aberration (19). This type of Spitz nevus often
presents as a predominantly intradermal horizontally oriented proliferation of large
epithelioid melanocytes widely dispersed singly between thickened collagen bundles in the
deep reticular dermis. Another variant has a combination of BRAF V600E mutations
accompanied by bi-allelic loss of the tumor suppressor BAP1 on chromosome 3p21 (62).
These lesions present as intradermal, often dome-shaped or polypoid, vertically oriented
proliferations of large epithelioid melanocytes arranged in large cellular aggregates, often in
continuity with a conventional acquired nevus. In these combined lesions, the transition to
the epithelioid phenotype coincides with the loss of BAP1, demonstrating that this variant of
Spitz tumor represents a progression from acquired nevus (61).

The driving oncogenic alterations of the remaining Spitz tumors are beginning to emerge
rapidly. Recent studies have revealed a high frequency of rearrangements of kinases in the
remainder of Spitz tumors. Rearrangements resulting in fusion kinases of ROS1, ALK, RET,
NTRKI1, and BRAF were observed in 60% of cases (Wiesner T, He J., Yelensky R, Esteve-
Puig R., Botton T., Yeh I, Garrido M, et al., submitted). The rearrangements fuse the intact
kinase domains in frame to a wide range of 5" fusion partners that includes genes involved in
similar rearrangements in lung, colon, thyroid, and lymphoma, as well as several novel
fusion partners. The 5’ fusion partners in the majority have coiled-coil domains suggesting
that they allow the kinase domains to dimerize and autophosphorylate, resulting in ligand-
independent constitutive activation of multiple oncogenic signaling pathways including the
MAP-kinase, P13-kinase, STAT pathways with potent induction of proliferation. Many of the
kinases involved in the rearrangements are only expressed during development, including
neural crest development, but are silenced in adult tissues. The kinase fusions thus
simultaneously lead to expression and kinase activation, explaining why rearrangements
rather than point mutations are the predominant mode of oncogenic activation.

It is unclear how the specific nature of these oncogenic alterations is related to the unique
biological behavior of atypical Spitz tumors and spitzoid melanomas of childhood, with their
rapid growth and frequent metastasis but rare lethal outcomes. The clinical behavior
indicates that progression is not constrained by the nature of the oncogenic signaling as it
can potently drive tumor growth and metastasis. It is conceivable that Spitz tumors are not
immortal and lack the high mutation burden that can make mutations in the telomerase
promoter likely, as occurs in most lethal melanomas. They also lack the chromosomal-level
genomic instability required to amplify the TERT locus, as occurs in acral melanoma. The
immune system is another possible mechanism in restraining the proliferation of fusion
driven melanocytic neoplasms. Fusion kinases are chimeric proteins with neoantigenic
properties, which could render them an easier target for the immune system than oncogenes
activated by point mutations.

Pediatric melanoma: Pediatric melanomas represent a heterogeneous group comprised of
lesions related to atypical Spitz tumors, melanomas arising in congenital nevi occurring
primarily in younger children and non-CSD melanomas in older, post-pubertal children. The
latter have similar clinical features and outcomes as those in adults. Pre-pubertal melanomas
also occur in non-Whites, but the overwhelming majority of melanomas in post-pubertal
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affects Whites (75). They are discussed separately under Spitz tumors and hon-CSD
melanomas. Not all melanomas in pre-pubertal children are spitzoid or arise in congenital
nevi, raising the possibility of the existence of additional subtypes.

The role of UV radiation and skin pigmentation: People living in geographic regions with
increased UV exposure have an increased melanoma risk (76). However, the relationship
between melanoma risk and degree of exposure to UV radiation is complex. Paradoxically,
melanomas on intermittently exposed skin such as the trunk and proximal extremities
develop at a younger age, whereas melanomas on sites that are more frequently exposed
such as the face, ears, and neck develop significantly later in life (10, 77). Whole genome
and exome sequencing studies have revealed a high burden of mutations in the genomes of
melanomas originating from sun-exposed sites, with cytosine to thymidine transitions
prevailing, thereby providing compelling genetic validation for UV radiation as a major
mutagenic factor (12, 49, 78). Consistent with the finding of melanomas with BRAF
mutations primarily occurring on the intermittently exposed skin, the genomes of BRAF-
mutant melanomas have mutation burdens intermediate (ca. 30,000) between chronically
(ca. 100,000) and unexposed sites (<1,000) (12). Approximately 80% of mutations are
compatible with UV-related mutagenesis confirming that UV radiation is the predominant
mutagen involved in the pathogenesis. The exceptionally high mutation rates in melanomas
originating from sun-exposed skin raise the questions whether inherited defects in DNA
repair contribute to the mutation burden and melanoma susceptibility (12, 49). Some studies
have found polymorphisms in DNA repair genes such as ERCC2 to be associated with
melanoma risk (79) and others have found high frequencies of somatic loss of function
mutations of genes in the DNA damage response pathways including ERCC2 (80).

While the above associations identify UV radiation as a pathogenetic factor for melanocytic
neoplasia, the most common mutation in BRAF at codon V600 is a thymidine to adenine
transversion and thus not a classic UV-signature mutation. BRAF mutations also arise in
thyroid or colorectal cancer, indicating that UV is not required for their formation. This
however does not rule out a causal role of UV radiation in melanocytic neoplasia. While UV
radiation primarily causes mutations at pyrimidine dimers it causes a broad range of other
mutations as well (81). Indirect effects of UV radiation have also to be considered, because
interaction of UV radiation with melanins generates free radicals. Data from genetically
engineered mouse models have shown that UVA radiation requires melanin to be present to
induce melanoma formation (82). While the specific mutations that induced melanoma
formation in this model are not yet known, the results clearly establish an interaction
between UV radiation and melanin as a causative mechanism. Additional studies have
confirmed and further refined the role of melanin. Using a mouse model in which mutant
BRAF V600E can be conditionally activated in melanocytes, melanomas only developed if
melanin, pheomelanin specifically, was present (Sidebar). Significant oxidative DNA and
lipid damage occurred in the normal skin of “red head” mice that due to a loss of MC1R
function produced only pheomelanin, even in the absence of UV radiation. In this model, the
BRAF mutations were already pre-engineered so that melanoma formation depended on
additional, yet unknown mutations to occur. However, the experiment provided additional
evidence of the mutagenic effect of pheomelanin, or an increased pheomelanin to eumelanin
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ratio. How the balance of pheomelanin and eumelanin affects mutagenesis is not known, but
as the melanosome ultrastructure differs between light- and dark-skinned individuals, it has
been proposed that eumelanin encases pheomelanin as an antioxidative coating in dark skin
melanosomes and that this function is impaired in patients with light skin (83, 84). There
also is emerging evidence that induction of the DNA damage response may be hard-wired
into the tanning response. Stimulation of MC1R with melanocyte stimulatory hormone
(MSH) not only is the main initiator of pigment synthesis in melanocytes but may also
directly activate scavenging of reactive oxygen species (85).

Sidebar
Melanocyte development and the tanning response

Melanocytes are derived from the neural crest. There are two developmental pathways
that give rise to melanocyte progenitor cells (140). The dorso-lateral pathway generates
melanoblasts that travel through the mesoderm to colonize epidermis, mucosa, and hair
follicles. A second population of neural crest cells gives rise to bipotent precursors of
Schwann cells and melanocytes, migrating ventromedially to reach the skin. There are
differences in the signals involved in fate determination and migration of the two
developmental pathways, with END3 signaling playing a major role in the ventromedial
pathway.

After migration is completed, the majority of differentiated melanocytes reside within
epithelia, mostly the epidermis and hair follicles of the skin, but also in mucosal
epithelium. They are also found in significant numbers in the leptomeninges, the inner
ear, and at lower density in many internal organs. The lifespan and —cycle of melanocytes
is not fully understood. In hair follicles, the number of melanocytes waxes and wanes
with the cycling of the follicle, and the stem cells to replenish melanocyte populations in
early anagen reside in the bulge region of the hair follicle (141). These melanocyte stem
cells can also replenish lost epidermal melanocytes in conditions like vitiligo. However, it
remains to be determined how the distance and the kinetics with which stem cells within
the hair follicle contribute to melanocytes of the interfollicular epidermis under
homeostatic conditions.

The main function of differentiated melanocytes is to produce melanin and to distribute it
to surrounding epithelial keratinocytes to protect them from UV radiation. There are two
chemically distinct types of melanin. One, eumelanin, is black and represents the more
abundant form in dark-skinned people. The other, pheomelanin contains benzothiazine
and —thiazole and is of more orange coloration. While it is also present in higher
concentration in the melanocytes of dark-skinned individuals, its relative abundance is
much higher in individuals with light complexion, who have lower amounts of
eumelanin. Eumelanin production is subject to dynamic regulation as part of the tanning
response, in which activation of the melanocortin receptor 1 (MC1R) by melanoycte
stimulating hormone (MSH), synthesized by keratinocytes, stimulates pigment synthesis
via the induction of the transcription factor MITF.
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The majority of individuals of European descent have inherited variants in MC1R, which
blunt the receptor’s ability to activate downstream signaling and to induce tanning in
response to binding of MSH. Several loss of function variants of MC1R are highly
associated with red hair, poor tanning and freckling of the skin and increased melanoma risk
(86). Germline polymorphism in a range of other genes affecting skin pigmentation
including ASIP, OCA2, SLC45A2, TYRP1, and TYR have been associated with melanoma
risk (51, 87-92), but inherited polymorphisms in MC1R are probably the most important
genetic factor among risk alleles that occur at high frequency in populations. The risk
conveyed by germline variants of MC1R might differ for the various molecular subtypes of
melanoma. In non-CSD melanomas MCL1R variants were strongly associated with BRAF
mutations in some studies (93, 94), but not in others (95, 96). This may be due different
ethnic compositions of the cohorts or differences in the proportion of melanoma types. CSD
melanomas have a low frequency of BRAF mutations. Those that occur are primarily of the
V600K rather than V600E type (97). In addition, BRAF mutations in CSD melanomas are
associated with wild type MC1R alleles (98), indicating that any interactions between BRAF
and MC1R may be complex.

The consistent observation that melanocytic neoplasms with BRAF V600E mutations arise
early in life and decrease in frequency later, while V600K show an opposite behavior is a
puzzle to be solved. The early onset and multiplicity of nevi with BRAF mutations in some
individuals suggests a genetically determined susceptibility that manifests itself in a high
mutation rate in melanocytes. The odds of mutating one of the single base pairs to generate
the C.1799T>A mutation resulting in the VV600E allele is exceedingly low so that the
presence of multiple independent nevi with these mutations on the skin indicates a high
mutation burden in normal melanocytes already at a young age. In addition to sun exposure
in early life, neonatal blue light therapy for the management of hyperbilirubinaemia, which
is administrated to a significant proportion of newborns and contains some UVA, has been
shown to increase the number of nevi (99). Sun protection in children has been demonstrated
to reduce nevus formation (100). The link between sun exposure in early life and nevus and
melanoma risk has led to increased legislation to restrict access to tanning beds for minors,
the use of which has been associated with melanoma risk (101).

In summary, both the number and the size of acquired nevi contributing to melanoma risk
can be interpreted in the light of the factors outlined above. The number of nevi in an
individual is proportional to the number of initiating events, which reflects the mutational
burden in melanocytes of the skin. This mutation burden is a product of cumulative exposure
to UV radiation and the host’s defense and repair mechanisms consisting of the production
of melanin and detoxifying ROS as well as the ability repair UV-radiation-mediated DNA
damage through DNA repair.

Melanomas on skin with cumulative sun-induced damage (CSD melanomas): The
second most common type of melanoma in Caucasians arises in areas chronically exposed to
the sun, predominantly the face, ears, neck, and lower extremities. These melanomas tend to
arise approximately 2 decades after the peak of non-CSD malanomas, typically in
individuals 60 years or older (10). They are not associated with increased number of
acquired nevi but instead with signs of high cumulative exposure to UV radiation such as
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solar elastosis and non-melanoma skin cancers (5, 102). Melanomas on chronic sun-exposed
skin differ in the genetic alterations from non-CSD melanomas in that they have infrequent
BRAF mutations, with BRAF V600K being more frequent than BRAF VV600E mutations (5,
12, 97), inactivating mutations of NF1 in 30% (12), copy humber increase of CCND1 in
20% (6, 103), activating mutations of KIT in approximately 10% (104), increased mutational
frequencies in TP53, and ARID2 (12) and differences in the pattern of chromosomal
aberrations (6) as shown in table 1. Their mutation burden is very high, with the number of
somatic mutations in the range of 100,000 and above (49). The most common presentation is
that of LMM, in which a pigmented macule comprised of a subtle proliferation of single
intraepidermal melanocytes develops, often after many years, a nodular growth with dermal
invasion. However, melanomas that present as nodular melanomas without an adjacent in
situ component show indistinguishable genetic alterations, indicating that they an
accelerated transition from in situ to invasive melanoma rather than being a unique class of
melanoma (6).

Desmoplastic melanomas: Desmoplastic melanomas are primarily intradermal
proliferations of spindled melanocytes with atypical nuclei that are interspersed at varying
density between thickened collagen bundles. They most commonly arise on the chronically
sun-exposed skin of the head and neck. They have distinctive clinical and genetic
characteristics that indicate that they represent a distinct subtype of melanoma. They lack
activating mutations of any of the known melanoma oncogenes BRAF (105), NRAS, KIT,
GNAQ, GNA11 but have loss of function mutations in NF1 in approximately 25% of cases
(unpublished observation). They show growth along nerves in 30-40% of cases, a feature
that is associated with an increased risk of recurrence. While little about their pathogenesis
is known, the preference for heavily sun exposed sites indicates UV radiation as a
pathogenetic factor. The majority of desmoplastic melanomas show a lentiginous component
as in LMM and whole genome sequencing studies have revealed a high mutation burden
with a strong UV signature as in CSD melanomas (unpublished observation), indicating a
superficial location of their cell of origin.

Acral and mucosal melanomas: Melanomas originating from the glabrous (non-hair-
bearing) skin and the nail apparatus have characteristic morphological, epidemiological, and
genetic features that set them aside from other subtypes. They share several features with
melanomas originating from mucosal epithelia (mucosal melanomas) and therefore are
discussed together. Glabrous skin, by definition, lacks hair follicles, but has eccrine glands.
Mucosa lacks either structures, but has, depending on the site, mucosal glands. These
differences may be relevant for the cell of origin of these melanoma types. While the bulge
region of the hair follicle harbors melanocyte stem cells in the non-glabrous skin, the
existence of an equivalent melanocyte stem cell reservoir in glabrous skin is unclear. Acral
melanomas frequently involve the eccrine sweat ducts, and early acral melanoma in situ
shows a characteristic preference to grow around the openings of eccrine sweat ducts along
the ridges of the dermatoglyphs, a pattern that provides diagnostic information (106). It
remains to be determined whether the apparent tropism of acral melanoma to eccrine glands
is indicative of their harboring the cell of origin or playing other important roles during the
early phases of the disease.
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Both acral melanoma and mucosal melanoma often show a lentiginous component, in which
melanocytes are found predominantly as single units in the basal layer of the epithelium. For
this reason, the term acral lentiginous melanoma (ALM) has been employed (107). However,
the characteristic genetic alterations detailed below are found in virtually all melanomas
presenting on glabrous skin, so that the term acral melanoma is used here to encompass all
traditional melanoma types, ALM, NM and SSM that can present on glabrous skin.

As shown in table 4, acral and mucosal melanomas do not show the dramatically increased
frequency in Caucasians as do melanomas on sun-exposed skin (108, 109). Acral
melanomas arise on relatively sun-protected sites, and additionally are shielded by a
thickened cornified layer or a nail plate. Epidemiologic studies do not indicate an increased
in incidence with latitude or degree of sun exposure. These findings make UV radiation an
unlikely pathogenetic factor, which is supported by whole genome sequencing studies,
which do not reveal the high degree of UV signature mutations as found in melanomas
originating from the non-glabrous skin (12, 49). Mucosal melanomas primarily involve the
mucosa of the anogenital region, nasal cavity, and paranasal sinuses, but can occur in all
mucosal sites (110).

The spectrum of somatic mutations in acral and mucosal melanomas differs from
melanomas on sun-exposed sites. In acral melanoma, mutations in BRAF occur in 15%,
much less frequent than in non-CSD melanomas. They are absent in mucosal melanoma.
Activating mutations or amplifications of wild type KIT are found in 15-40% of acral
melanoma and mucosal melanoma, and approximately 15% have NRAS mutations (49, 104,
111). A unique feature of acral and mucosal melanomas is the high frequency of gene
amplifications throughout the genome (42). The majority of acral melanomas have multiple
(5 on average) focused gene amplifications, most commonly involving the loci that include
CCNDL1 (11913), hTERT (5p15), CDK4 (12q14), RICTOR (5p13), and KIT and PDGFRA
(4912)(6, 12, 42). Mucosal melanomas share the high frequency of amplifications but the
frequency at individual loci differs, possibly indicating biological differences between these
melanoma types (6, 112). As opposed to other solid tumors, where gene amplification
typically arise later during progression, amplifications in acral melanoma are already present
in the earliest detectable phases of the disease (42). The nature of the genomic instability
that favors gene amplifications over other mutation types remains to be determined.

While melanocytic nevi are not infrequent in acral sites, and can also affect the nail
apparatus, they do not appear to play a significant role as precursors, as they are infrequently
found contiguously with acral melanomas. Limited information is available on the somatic
mutations in acral nevi, but KIT mutations have not been found (113). Similarly, nevi are not
found in association with mucosal melanomas. Instead the earliest detectable manifestation
of acral and mucosal melanoma is melanoma in situ, in which a subtle intraepithelial
proliferation of single melanocytes with enlarged nuclei and uneven and thickened dendrites
are present, often extending over considerable distances. Studies in acral melanoma using
fluorescence in situ hybridization revealed individual, evenly spaced, morphologically
normal appearing but genetically aberrant melanocytes, colonizing stretches of ‘normal’ skin
up to 1 cm wide immediately adjacent to obvious melanoma in situ. These “field cells” share
the same amplifications as the histopathologically apparent melanoma cells, albeit often at
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lower copy number, indicating that they are genetically not as evolved and represent an
earlier progression phase (42, 43). Preliminary studies suggest that KIT mutations may arise
early and are followed by amplification of CCND1, and subsequently hTERT, which
coincides with the development of substantial increase in the neoplastic cell population (43).
This is consistent with in experimental studies, in which mutant KIT primarily induces
migration and survival rather than significant cell proliferation (114, 115). Accordingly, KIT
mutations may differ from BRAF mutations in that they are not sufficient to allow any
significant proliferation that results in an equivalent of a nevus as seen with BRAF
mutations. The relatively high frequency of CCND1 amplifications in these melanoma types
may indicate that additional genetic alterations that drive proliferation may be required. A
low to moderate frequency of KIT mutations is common to acral, mucosal, and CSD
melanomas, which all tend to share an often extensive lentiginous growth.

The role of KIT in melanoma is complex, as it has been shown to inhibit proliferation or cell
survival in certain settings and therefore was originally considered to play a tumor
suppressive role in melanoma. This was based on the observation that KIT protein levels
decline from the in situ to invasive components and forced expression of KIT in melanoma
cell lines decreasing their ability to proliferate and/or survive (116). However, in certain
settings, KIT acts as an oncogene as patients whose melanomas harbor activating mutations
in KIT can show dramatic responses to KIT inhibitors (117).

Melanocytic neoplasms originating from melanocytes not associated with

epithelia

Congenital nevi

Nevi that develop in utero are termed congenital melanocytic nevi. These, by definition,
develop in the absence of UV radiation. However, the definition is often extended to include
nevi that arose shortly after birth. Congenital nevi have several distinctive features that set
them apart from acquired nevi. They tend to be significantly larger and can cover extensive
parts of the body surface. During childhood and adolescence they increase in size
proportionally with the body area and are termed either large or giant congenital
melanocytic nevi, when their predicted size exceeds 20 or 60 cm of an adult, respectively. In
particular these larger congenital nevi can also involve extracutaneous sites including the
CNS. This condition, neuro-cutaneous melanosis, can develop severe or even lethal
compression symptoms of vital structures of the CNS. On the skin, congenital nevi often
show marked hypertrichosis with hyperpigmented terminal hairs, which acquired nevi do
not. Their constituent melanocytes are also found in deeper structures of the skin and
beyond, occasionally involving deep soft tissue and muscle. Large and giant congenital nevi
frequently present with satellite lesions, with discrete, morphologically similar, but smaller
nevi present elsewhere on the skin. 2-3% of patients with large or giant congenital nevi
develop melanomas, with 70% of melanomas developing by puberty. Melanomas can
develop within any tissue involved by the nevus and risk increases with the size and
cellularity of the nevus (118). Primarily in neonates and mostly in giant congenital nevi,
rapidly proliferating nodules can develop, which can reach several centimeters in diameter,
show an increased mitotic rate and be difficult to histologically distinguish from melanoma
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(119). These proliferating nodules have characteristic chromosomal aberrations with gains
and losses of multiple entire chromosomes rather copy number changes involving
chromosome fragments as seen commonly in melanomas (120). This pattern of aberrations
is suggestive of a chromosome segregation defect in the constituent melanocytes.

In contrast to acquired nevi in which BRAF mutations predominate, large and giant
congenital nevi carry NRAS mutations in over 80% of cases (121). In patients with satellite
lesions the same NRAS mutations are shared between anatomically separate lesions,
indicating that they originate from a common ancestor (122). The clonal relationship
between discrete lesions indicates that the mutated progenitor cells have the ability to move
apart and form separate. While satellites are typically present at birth they continue to
develop until age 5 and their continued emergence is linked to the risk of developing neuro-
cutaneous melanosis (123). These findings indicate that satellites are formed from individual
mutated progenitors that migrated along the axis of the neural crest and obtained access to
different segments from which they migrate and clonally expand. The founding NRAS
mutation results in an expanded progenitor pool that exceeds the receiving capacity of the
destination epithelia, with excess cells piling up in the dermis and other tissues along the
way. A similar phenomenon has been observed with hypermorphic mutations in GNAQ and
GNAL11 in mouse models (124). Other oncogenic alterations reported in congenital nevi
involve kinase fusions of BRAF, which have been reported in individual cases of congenital
nevi (125). Patients with larger congenital nevi are also at increased risk for other neoplasms
including lipo- and rhabdomyosarcomas, indicating that the cell of origin may retain
pluripotency.

Blue nevi and related neoplasms—BIue nevi comprise a group of neoplasms
characterized by the proliferation of dendritic, spindled, ovoid, or epithelioid melanocytes in
tissues without any significant epithelial involvement (126). While the majority involve the
skin, they can be encountered in many other organs such as the lung, intestinal tract,
prostate, and the central nervous system (CNS), where there are called melanocytomas. Blue
nevi can be acquired or congenital. The latter category includes a range of conditions
including Mongolian spot, nevus of Ito, and nevus of Ota, which all present as
hyperpigmented patches comprised of paucicellular proliferations of pigmented melanocytes
in the dermis. As they spare the epidermis they are also referred to as dermal melanocytoses.
Nevi of Ota and Ito have a segmental pattern involving branches of the trigeminal nerve or
cervical nerves, respectively. The distribution along innervation segments and cell
morphology gives testimony to their close relationship to Schwann cells with which they
share a common progenitor cell (127). Lesions with prominent areas of Schwann cell
differentiation are termed neurocristic hamartomas.

The term blue nevus, in the strict sense, refers to discrete, non-segmental lesions that can
vary in size from typically under a centimeter to several centimeters in congenital lesions.
Blue nevi express a range of cellularity that reaches from paucicellular lesions similar to the
dermal melanocytoses to highly cellular nodules refered to as cellular blue nevi.

The molecular characteristics that are shared between neoplasms of this family are somatic
mutations of GNAQ or GNALL, two close related a-subunits of the Gaq family (20, 21).
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Mutations in GNAQ and GNA11 occur at the glutamine at position 209 or, in approximately
5% of cases, at the arginine at position 183. The Q209 mutations complete abrogate the
GTPase activity, locking them in a GTP-bound, constitutively activated state. The R183
mutations are thought to maintain residual enzymatic activity and to be weakly activating.
Mutations in these genes occur in a mutually exclusive pattern and are found in the majority
of blue nevi including the segmental dermal melanocytoses. GNAQ and GNA11 convey
signals from a broad range of G-protein coupled receptors. In melanocytes endothelin
receptors utilize Gaq family members. Because endothelin signaling is critical for
melanocyte development, in particular for melanocytes developing through the ventromedial
pathway, it is likely that the mutations simulate sustained endothelin signaling. To date
recurrent mutations in these genes have not been found in other neoplastic condition. Their
downstream effectors include phospholipase C, which releases two potent second
messengers, diacylglycerol and inositol-3-phosphate from membrane phospholipids, which
activate protein kinases C the MAP-kinase pathway and other signaling cascades.

Blue nevi can also arise as part of Carney’s complex, a tumor predisposition syndrome
caused by germline loss of function mutations in PRKAR1A, one of the two regulatory
subunits of protein kinase A, resulting in increased PKA activity (128). Blue nevi in
individuals with Carney’s complex often are comprised of epithelioid melanocytes. The
spectrum of somatic mutations in blue nevi arising in the context of Carney’s complex is not
known.

As with other melanocytic nevi, there is a malignant counterpart, which is referred to as blue
nevus-like melanoma, or sometimes self-contradictorily as ‘malignant blue nevus’. These
melanomas can arise within blue nevi as evidenced by a contiguous, morphologically benign
lesion, or can occur de novo. While these blue nevus-like melanomas are rare, blue nevi are
also much less frequent than acquired nevi, and the relative ratio of benign to malignant
lesions may be within the range to that of other categories. The genetic alterations in blue
nevus-like melanoma have not been systematically studied but have similarities with blue
nevi and uveal melanoma with frequent mutations in GNAQ or GNA11 and losses of
chromosome 3 (21, 129). Blue nevus-like melanomas further share with uveal melanoma a
propensity to metastasize to the liver and bone (130).

Melanocytoma of the central nervous system—NMelanocytomas of the CNS are
primary melanocytic neoplasms that arise form autochtonous melanocytes of the
leptomeninges and typically are discovered when they cause focal neurological symptoms
by impinging on critical structures. They have strong morphological similarities to the
spectrum of blue nevi described above and also harbor frequent mutations of GNAQ or
GNA11 (131). Similar to blue nevi there is malignant counterpart to melanocytomas that has
morphological features similar to that of blue nevus-like melanoma (132).

Uveal melanoma—Uveal melanoma is the most common intraocular cancer and accounts
for approximately 5% of all melanomas in the US. As opposed to melanomas on the skin, its
incidence has been stable around 5 per million (133). With 10-year survival rates at 50% it
ranks among the most lethal presentations of melanoma. The cells of origin are interstitial
melanocytes that are found abundantly in the choroid, ciliary body, and iris of the eye, which
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together comprise the uveal tract. They are neural crest derived, as opposed to the pigmented
cells of the retinal pigment epithelium, which are derived from the anterior neural plate.
Different from melanocytes of the skin, uveal melanocytes do not reside within an
epithelium.

Clinical and histopathological evidence suggests that most uveal melanomas arise from
uveal nevi. The prevalence of uveal nevi ranges between 4.6 and 7.9% in Caucasians and
based on the number of reported uveal melanoma the risk of transformation has been
estimated to be one in 8,845 per year (134). Mutations in GNAQ or GNAL1 occur in
approximately 85% of uveal melanoma and are mutually exclusive. They are considered an
early event as they are not associated with outcome and can already be detected in uveal nevi
(21). Loss of function mutations in the deubiquitinase BAP1 are found in 49% of uveal
melanoma, with a significant higher frequency (85%) in tumors that become metastatic (60).
A major selective force for the frequent loss of chromosome 3, a major negative prognostic
indicator in uveal melanoma (135), is the elimination of the remaining wild type allele of
BAPL1. The precise mechanisms underlying how elimination of BAP1 function promotes
uveal melanoma growth are not fully understood. BAP1 is a nuclear deubiquitinase, which
interacts with several proteins involved in chromatin modification including host cell factor
1 (HCF-1), UDP-glucose-dependent O-glucosyltransferase (OGT), and the polycomb group
proteins ASXL1 and 2. The disruption of this complex by loss of BAP1 is thought to result
in altered histone modifications and a deregulated gene expression patter (136). Gene
expression profiling of uveal melanomas has identified two separate classes. Class 1 tumors
have a better prognosis, while class 2 tumors have a significantly increased risk of
metastasis. The latter pattern is closely associated with BAP1 loss and may be a direct
consequence of the ensuing epigenetic deregulation (137).

Another gene found recurrently mutated in uveal melanoma is the splicing factor SF3B1.
Mutations are found in 19% of uveal melanomas, primarily in class 1 tumors, and thus
primarily affect melanomas without BAP1 mutations (138). The mutations affect codon 625
and are typically heterozygous. It remains to be determined whether their effect is caused
through gained or altered function or by a dominant negative effect. In zebra fish, germline
loss of function mutations of SF3BL1 results in a pigmentation phenotype caused by a failure
of neural crest development. Loss of SF3BL1 in this model leads to mis-splicing of critical
neural crest transcription factors such as sox10 and tfab2a. Re-expression of properly spliced
versions of these proteins can rescue the neural crest defect (139). While the link between
SF3B1 function and neural crest development is intriguing, the specific SF3B1 mutations
found in uveal melanoma do not appear to be associated with mis-splicing of any of these
specific transcription factors (138)
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Abbreviations

SSM Superficial spreading melanoma
LMM Lentigo maligna melanoma
ALM Acral lentiginous melanoma
NM Nodular melanoma
ROS Reactive oxygen species
CSD cumulative sun-induced damage
CNS central nervous system
5-hmC 5-hydroxymethyl cytosine
WHO World Health Organization
uv Ultraviolet
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Summary points

»  There are multiple distinct categories of melanocytic neoplasms that differ in
clinical and histologic presentation, cell of origin, age of onset, ethnic variation,
pathogenetic role of UV radiation, predisposing germ line alterations, patterns of
somatic mutations, type of genomic instability, and preferential sites of
metastasis.

»  Melanocytic neoplasms are initiated by somatic mutations that activate
oncogenes. In some categories of melanocytic neoplasia they induce benign
neoplasms, termed melanocytic nevi. The proliferation of melanocytes within
nevi is constrained by a multiplicity of factors, including cell cycle checkpoints,
telomere length, secreted factors, and the immune system. Some melanoma
categories do not have a distinctively recognizable benign precursor stage.

» Mutations in initiating oncogenes are not sufficient to form melanoma.
Subsequent genetic alterations override the tumor suppressive mechanisms
operative in melanocytic nevi and lead to the progressive evolution of cells with
an increasingly malignant phenotype. The subsequent genetic alterations differ
among categories of melanocytic neoplasms.

» In concert, the combination of somatic mutations disrupt essential signaling
pathways controlling cell proliferation, growth, motility, stromal interactions,
differentiation status and interaction with the immune system, giving rise to
distinct phenotypic presentations of neoplasms.

»  Melanomas on the sun-exposed skin harbor a high burden of somatic mutations
with the signature of UV radiation and begin as an intraepidermal growth,
indicating that they arise from melanocytes within the epidermis.

» Melanomas of the uveal tract of the eye and intradermal melanocytic
proliferations such a blue nevi and related neoplasms arise from melanocytes not
associated with epithelia and have distinct sets of genetic alterations.

e UV radiation can cause mutations by direct interaction with DNA or indirectly
through the generation of ROS. An increased ratio of pheomelanin to eumelanin
may increase the mutation rate via ROS and thereby the melanoma risk.

»  Separating categories of melanocytic neoplasms based on reproducible
associations between pathogenetically relevant genetic alterations and clinical
phenotypes leads to an improved disease classification, which will facilitate
future research and clinical management.
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Figure 1. Taxonomy of melanocytic neoplasia

A) Melanocytic neoplasms arising from epithelium-associated melanocytes. Where
applicable, benign or intermediate progression stages are noted. The different classes have
different relationship to UV radiation and age distributions, shown at the bottom. B)
Melanocytic neoplasms arising from non-epithelium associated melanocytes. The categories
have no relationship to UV radiation and, with the exception of congenital nevus-associated
melanomas, which occur primarily in prepubertal children, a wide age distribution.
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Figure 2.

Histologic patterns of archetypical progression patterns for the classes depicted in figure 2
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Figure 3. Signaling pathways disrupted by genetic alterations and their relationship to the
hallmarks of melanoma

Genes boxed in red are affected by gain of function mutations, those in blue by loss of

function mutations.
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