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Summary
Converging lines of evidence from varied scientific disciplines suggest that cutaneous melanomas
comprise biologically distinct subtypes that arise through multiple causal pathways.
Understanding the respective relationships of each subtype with etiologic factors such as UV
radiation and constitutional factors is the first necessary step toward developing refined prevention
strategies for the specific forms of melanoma. Furthermore, classifying this disease precisely into
biologically distinct subtypes is the key to developing mechanism- based treatments, as
highlighted by recent discoveries. In this review, we outline the historical developments that
underpin our understanding of melanoma heterogeneity, and we do this from the perspectives of
clinical presentation, histopathology, epidemiology, molecular genetics, and developmental
biology. We integrate the evidence from these separate trajectories to catalog the emerging major
categories of melanomas and conclude with important unanswered questions relating to the
development of melanoma and its cells of origin.
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Introduction
The original description of melanoma as a disease entity is attributed to René Laennec, who
published an article on ‘The Melanoses’ in 1812 (Laennec, 1812). Even at that time,
Laennec already distinguished two forms of the disease, a firm form and a softening form.
However, he was likely referring to progression stages, rather than distinct subforms of the
disease. Since then, it has become clear that melanocytic neoplasms, whether benign or
malignant, display a kaleidoscope of phenotypic variation and, with certainty, are comprised
of biologically distinct subtypes. The precise number of diseases that are encompassed
within the realm of melanocytic neoplasia is currently unclear, and criteria precisely
defining them are in evolution. Multiple distinct categories of melanocytic neoplasms are
distinguished in the current WHO classification of skin tumors (LeBoit et al. 2006). The
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benign neoplasms, melanocytic nevi, can present in large multiplicity or solitarily, can arise
before or after birth, are small to giant, involve the epidermis or the dermis, and come in a
range of cytologies. Similarly, melanomas express significant clinical and histopathological
variation, often depending on the anatomical site on which they arise.

Despite these facts, attempts to classify melanocytic neoplasia into biologically uniform
subsets have had little impact on the clinical management, in particular that of metastatic
melanoma. For example, current staging protocols do not distinguish between different
categories of cutaneous melanomas. In part, this is attributable to the fact that independent
of the nature of the primary, melanoma undergoes a uniformly grim clinical course once
metastases have developed. Furthermore, the cytotoxic and immunological therapies
available to date do not target specific functional or regulatory pathways in cells, and most
do not show much therapeutic effectiveness at all and none that consistently varies among
the type of the primary from which the metastatic disease originated. Finally, many of the
classification criteria that have been proposed show considerable overlap, making it difficult
to categorize cases reproducibly based on histopathological criteria alone (Weyers et al.,
1999). As a consequence, only a small minority of investigative studies have emphasized
potential differences between disease subgroups. In recent years, emerging molecular data
have provided strong genetic support for the notion of biologically distinct disease subsets.
It has become apparent that the neglect of the heterogeneous nature of melanocytic neoplasia
is obstructing progress in developing rationally based approaches to melanoma treatment
and prevention, because critical effects and associations will be missed if biologically
distinct disease groups are not separated.

At the outset, however, we acknowledge that the concept of melanomas arising through
multiple different causal pathways has been understood implicitly for decades. Melanomas
arising from internal tissues and melanomas arising on special areas of the glabrous (non-
hair-bearing) skin such as plantar and palmar surfaces and the nail apparatus (hereafter
referred to as acral melanomas) occur at low but predictable frequencies in all populations
independent of ethnicity and climatic conditions. As such, they have long been suspected of
having causes that differ from those arising on other body sites (Fleming et al., 1975; Hinds,
1979; Lewis, 1967; Stevens et al., 1990). However, even for cutaneous melanomas, i.e.,
melanomas arising from the non-glabrous skin, etiologic diversity is not a new concept.
More than 40 yr ago, Lee and Merrill stated:

Since the beginning of this century, it has been recognised that malignant
melanomas are heterogeneous, and that different clinical appearances are also
associated with different distributions by site and age and have different outcomes.
(Lee and Merrill, 1970)

Given the phenotypic diversity of melanocytic neoplasia, the wide variations in age and
anatomical site of primary manifestation, and the different distribution of genetic alterations
in specific subsets, the question also arises whether or not cells within the melanocytic
lineage are comprised of different subtypes of melanocytes. If so, then it needs to be
determined whether these subtypes and/or their separate differentiation stages have specific
susceptibilities to environmental and genetic insults, which in turn may give rise to different
types of melanocytic neoplasms.

What follows is an account of how the current theories about the causal pathways to
melanoma and melanoma subtypes were developed. Here, we use the term ‘causal pathway’
in its broadest sense to describe the sequence of events or conditions or characteristics that
together transform a melanocyte into a neoplasm. The term is inclusive and incorporates the
mutagenic factors that presumably initiate the process, as well as the myriad host factors (be
they susceptibility, protective, reparative molecular, or immunological factors) that also play
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a role in governing progression of melanocytic neoplasia. Equally, we use subtype as a
taxonomic term in which categories are placed into hierarchical order, based on their
biological and pathogenetic relationships. We contend that melanomas may be grouped
according to common components of their mechanistic alterations and pathogenesis and
further that such groupings are important to pave the way for developing strategies to
clinically manage and prevent melanomas, specified by subtype. We have attempted to
capture the key contributions to knowledge and placed them in the context of what was
understood at the time of their discovery. Our account recognizes the different perspectives
of the disciplines that have sought to understand the origins of melanoma and is therefore
presented firstly in terms of clinical and histologic observations, before turning to
epidemiological investigations and discoveries of molecular factors and aspects of
melanocyte development. In the closing section, we provide an overview of the categories of
melanocytic neoplasms, as they currently emerge considering and synthesizing information
from the above areas of research. We acknowledge that this is an incomplete and subjective
selection of information from a huge trove on published data on these diverse topics. We
apologize in advance for having omitted important studies.

Clinical and histopathological aspects
There are distinct patterns of clinical and histopathological appearance that led to the
distinction of ‘histogenetic’ types of melanoma put forward in the first classification system
proposed by Wallace Clark and colleagues (McGovern et al., 1973). The classification
employed histopathology, anatomical site, and degree of sun damage to distinguish four
types of melanoma. A prominent feature for classification was the distribution of
melanocytes within the early phase of melanoma growth, in which the tumor expands on the
surface of the skin, the radial growth phase (RGP). Three different types were distinguished
based on their intraepidermal growth pattern, and for the third type, its anatomical site of
origin—superficial spreading melanoma (SSM), lentigo maligna melanoma (LMM), and
acral lentiginous melanoma (ALM). A fourth type, nodular melanoma (NM), was proposed
as a separate category because it presented without a significant radial growth phase. In
SSM, a phase of superficial, radial growth clinically leads to a well-circumscribed
polycyclic patch with variegating shades of brown, gray, and black, in which subsequently a
nodule develops (vertical growth phase, VGP). Histopathologically, the telltale sign of SSM
is the presence of enlarged melanocytes, often arranged as small aggregates or nests, that
display marked upward scatter within the epidermis, a pattern referred to as ‘pagetoid’,
because it resembles the intraepidermal spread of breast cancer in the epidermis of the
nipple (Paget’s disease). By contrast, LMM and ALM display a lentiginous growth pattern,
in which the melanocytes are arranged as solitary units along the basilar epidermis, without
notable pagetoid growth. The lentiginous growth pattern typically fades continuously into
the adjacent non-lesional skin, making it difficult or impossible to determine the boundary
between melanoma in situ and normal skin. LMM and ALM also show a propensity to
involve appendageal structures (such as hair follicles in LMM and sweat glands in ALM).
By contrast, NM, by definition, does not have a significant RGP, suggesting an accelerated
transition to the VGP.

Additional categories of melanomas that have distinctive clinical and/or histopathological
features include desmoplastic melanoma, nevoid melanoma, melanoma arising from a blue
nevus, melanoma arising from giant congenital nevus, and melanoma in childhood. In
addition, melanomas can originate from extracutaneous sites such as the mucosal
epithelium, primarily that of the anogenital region, oropharynx, and paranasal sinuses as
well as the conjunctiva. Finally, melanomas can originate from melanocytes of the uvea,
encompassing intraocular structures such as the iris, ciliary body, and choroid.
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Epidemiological investigations into melanoma etiology
Latitude gradient

Melanoma has long been known to occur at highest incidence in fair-skinned populations,
casting strong suspicion on sunlight as the likely environmental carcinogen (McGovern,
1952). The relationship between sunlight and melanoma was first demonstrated
systematically by Herbert Lancaster (Lancaster, 1956) in an elegant epidemiological
analysis in which he compared melanoma mortality between populations of European
extraction residing at latitudes at varying degrees from the equator. He reported almost
threefold higher melanoma mortality among the predominantly Anglo-Celtic populations
residing in the tropical and subtropical states of Australia compared with those living in
more temperate states. Markedly higher melanoma mortality was similarly observed in the
lower latitudes of the North Island of New Zealand than the higher latitudes of the South
Island. Further, melanoma mortality among white people residing in the lower latitudes of
South Africa and the United States was systematically higher than white people residing at
higher latitudes in Canada, the British Isles, and continental Europe. From these data,
Lancaster hypothesized that ambient sunlight was the principal environmental determinant
of the occurrence of melanoma within a population. Such patterns have been reported
repeatedly from populations around the globe (Bulliard et al., 1994; Crombie, 1979b;
Magnus, 1973; Swerdlow, 1979; Teppo et al., 1978) and, together with the observation that
melanoma is overwhelmingly a disease of white people (Crombie, 1979a), still provide the
most persuasive evidence that sunlight is the primary cause of cutaneous melanoma.

Anatomic distribution
Testing the hypothesis that sunlight was the principal cause of melanoma, it was expected
that sites habitually exposed to the sun would have the highest incidence. Moreover, it was
suspected that the anatomical sites experiencing the highest rates of melanoma might differ
across populations, yet it was quickly shown that the rank order of body sites experiencing
progressively higher incidence of melanoma was similar across fair-skinned populations,
regardless of the overall incidence of melanoma in the populations under study (Lee and
Merrill, 1970). Thus, in almost all reports, melanomas were shown to be most numerous
overall on the back and limbs (particularly, the lower limb in women), followed by the head
and neck, and then the anterior trunk (Bulliard, 2000; Green et al., 1993). A convincing
argument was made however that comparisons of melanoma incidence by anatomic site that
do not account for surface area may lead to erroneous inferences, because the ‘malignant
potential’ for each target cell at a given site was really the measure of interest. On an area-
adjusted basis, studies reported consistently that melanoma was most common on habitually
sun-exposed sites (such as the ears in men and face and neck in both sexes), followed by
intermittently exposed sites (back, shoulders, and limbs; Bulliard, 2000; Bulliard et al.,
1997; Elwood and Gallagher, 1998; Franceschi et al., 1996; Green et al., 1993). Melanomas
were noted to be particularly rare on sites habitually covered by clothing such as the
buttocks, but also, paradoxically, on the dorsum of the hand. As mentioned previously,
certain types of melanomas were observed to arise in areas that are well protected from UV
radiation (such as the non-hair-bearing skin of the palms and soles and areas under the
nails), and still others were recorded at sites that have no UV exposure at all (such as those
on mucosal membranes). Remarkably, these two forms of melanoma, acral and mucosal,
arise with similar absolute incidences in most populations (Elwood and Gallagher, 1998),
underscoring the inference that these melanomas arise independently of sun exposure and
genetic factors associated with constitutional skin pigmentation.
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Insights from comparisons of occupational groups
To explore further the associations between sunlight exposure and melanoma risk,
epidemiologists compared melanoma incidence across occupations (indoor versus outdoor
work) as a surrogate measure of historical sun exposure. Somewhat unexpectedly, early
investigations found that indoor workers experienced higher rates of cutaneous melanoma
than outdoor workers (Lee and Strickland, 1980). However, more detailed analyses showed
that outdoor workers experienced significantly higher rates of melanoma on habitually sun-
exposed sites (face, head, and neck), whereas office workers were found to have a
significant excess of melanomas on habitually covered body sites (Beral and Robinson,
1981; Vagero et al., 1986). These findings provided the first epidemiological evidence that
melanomas arising on different body sites may be associated with sunlight in different ways.

Melanoma incidence by age and anatomical site
In 1998, Elwood and Gallagher performed a novel analysis in which they compared the
incidence of melanoma across strata of age group and body site, being careful to adjust for
the relative surface area of each site (Elwood and Gallagher, 1998). For their analyses, body
sites were categorized as being ‘minimally exposed’ to the sun (viz. hip, thigh, buttock,
abdomen and sole of foot in both sexes, plus scalp and chest in women), ‘maximally
exposed’ (face, ear, dorsum of hand), or ‘intermittently exposed’ (all other sites). Among the
young (<35 yr), overall melanoma incidence was low, but those tumors that did occur were
most common on intermittently exposed sites and were exceptionally rare at maximally
exposed sites. In early middle-age (35–49 yr), the area-adjusted incidence of melanomas
was more than threefold higher on intermittently than maximally exposed sites. At older
ages, the distributions were reversed so that above age 65 yr, the incidence of melanomas on
maximally exposed sites was twice that of intermittently exposed sites, and more than 12
times higher than that of minimally exposed sites. Similar observations were made
subsequently using registry data from New Zealand (Bulliard, 2000), USA (Lachiewicz et
al., 2008), and Australia and Scotland (Whiteman et al., 2007). In all populations, it
appeared that melanomas arising at younger ages occurred predominantly on the trunk and
limbs, while at older ages, melanomas became more common on habitually sun-exposed
sites such as the head and neck.

Analytical epidemiology: directly comparing those with and without melanoma
The preceding descriptive epidemiological studies made use of routinely collected data from
large populations, often with only a limited number of variables (e.g., age, sex, site of
melanoma). In contrast, analytical epidemiological studies are purposefully designed to
collect pre-specified characteristics from targeted participants to enable comparisons
between those with (‘cases’) and without (‘controls’) the disease of interest. Analytical
studies have consistently shown that a suite of phenotypic factors are associated with
increased risks of melanoma, including a large number of melanocytic nevi on the skin
(Green et al., 1985; Holly et al., 1987; Holman and Armstrong, 1984b), a family history of
melanoma (Bliss et al., 1995; Olsen et al., 2010a), fair skin that burns and does not tan (Bliss
et al., 1995; Olsen et al., 2010b), and a propensity to freckling (Bliss et al., 1995; Olsen et
al., 2010b). Of these, the highest risks of melanoma are conferred by having large numbers
of nevi, and this fact, coupled with the observation that upwards of 30% of melanomas have
histological evidence of pre-existing nevus remnants, suggests that nevi are both risk
markers and precursors for melanoma although the absolute rate of progression is
exceedingly small (Tsao et al., 2003). More recently, a number of constitutional genotypes
associated with significantly increased risks of cutaneous melanoma have been identified
through candidate approaches (MC1R; Bastiaens et al., 2001; Palmer et al., 2000) and
genome-wide scans (TYR, MTAP; Bishop et al., 2009). Genome-wide studies have also
identified some of the same genes as being associated with nevi (MTAP; Falchi et al., 2009)
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and pigmentation traits (MC1R, TYR; Sulem et al., 2007), confirming the epidemiological
inference that these constitutional factors are likely heritable contributors to melanoma risk
(Gudbjartsson et al., 2008). The role of heritability, particularly for nevi, is explored further
below.

Melanoma heterogeneity by anatomic site
Rather than assume that all cutaneous melanomas arise in association with the same risk
factors, a number of investigators have explored whether risk factors for melanoma differ
according to the anatomic site of the primary tumor. While these earlier studies were not
specifically designed or statistically powered to detect differences in melanoma risk by site,
they found that people who develop melanomas on the trunk have nevus counts consistently
higher than people whose melanomas arise on the head and neck (Chen et al., 1996; Kruger
et al., 1992; Rieger et al., 1995; Weinstock et al., 1989). Two Australian studies
corroborated and extended these findings by observing that the extent and direction of the
associations with solar keratoses (markers of cumulative solar skin damage) and nevi are
governed by the anatomical site of melanoma (Bataille et al., 1998; Whiteman et al., 1998).
Thus, whereas the risks of truncal melanomas are associated with large numbers of nevi,
they are inversely associated with numbers of solar keratoses. In contrast, melanomas
arising on the head and neck are associated with large numbers of solar keratoses, but only
weakly with numbers of nevi. Whether these site-specific associations reflect differences in
sun exposure, melanocyte susceptibility, or constitutional factors is not clear from these
observational studies, but they hint at the likely complexity underlying the development of
cutaneous melanoma.

Melanoma heterogeneity by histopathological characteristics
The concept of etiologic heterogeneity of cutaneous melanoma was pursued in other ways,
for example by performing analyses separately for each of the commonly recognized
subtypes of melanoma (Holman and Armstrong, 1984a). Melanomas of the lentigo maligna
subtype were found to be associated with high levels of accumulated sun exposure (as
predicted from clinical experience), but no consistent differences were found across the
other histological subtypes. By the mid-1980s, Ackerman and David had proposed a
unifying concept for melanoma and asserted that distinct histological subtypes of melanoma
did not exist (Ackerman, 1980). Nonetheless, they left the door ajar on the possibility of
etiologic heterogeneity by speculating…

It would not be surprising, however, if one day it were shown that the causes and
pathogenesis of malignant melanomas at different anatomic sites and those that
arise de novo, rather than in association with melanocytic nevi, are very different.
(Ackerman and David, 1986)

Pursuing a similar line of reasoning, Green (Green, 1992) proposed that the anatomic
distribution of melanomas might be explained by melanocytes at different body sites having
different propensities to undergo malignant change. Specifically, it was proposed that nevi
on the head and neck are less likely to progress to melanoma than nevi on the trunk and
would therefore give rise to fewer nevus-associated melanomas. In support of this theory,
Green found that nevus-associated melanomas occur far more commonly on the trunk than
on the head and neck. Studies in other populations confirmed the non-uniform distribution
of nevus-associated melanomas across the skin surface (Kruger et al., 1992; Skender-
Kalnenas et al., 1995). Further, it was found that patients with nevus-associated melanomas
are significantly more likely to have high nevus counts, whereas de novo melanomas (i.e.,
those without evidence of a pre-existing nevus) are more likely to arise in older patients, on
the head and neck, and be associated with solar elastosis (Carli et al., 1999; Purdue et al.,
2005). As discussed below, recent molecular genetic studies strongly support the concept
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that melanomas arising on the central body parts of younger individuals with numerous
melanocytic nevi are biologically distinct from melanomas arising on the cumulatively sun-
damaged skin of older individuals and that the nevi and melanomas of the former pathway
are driven by the same genetic alterations (BRAF mutations).

Numbers of nevi are determined by genes and sunlight
Given the strong epidemiological associations of nevi with cutaneous melanoma and the
inference that at least a proportion of melanomas appear to arise directly from nevi,
substantial efforts were made to identify those factors that drive the development of nevi in
humans. Epidemiological studies quickly established that high levels of sun exposure
predicted higher numbers of nevi in early childhood (English and Armstrong, 1994; Fritschi
et al., 1994; Harrison et al., 2000; Kelly et al., 1994; Whiteman et al., 2005). Subsequent
studies have since provided convincing evidence that the number of nevi on the skin is under
strong genetic control by comparing nevus counts among twins. Whereas monozygotic (MZ,
or identical) twin pairs share all of their genes and have extremely highly correlated nevus
counts (twin1 versus twin2, r = 0.94), dizygotic (DZ, or fraternal) twin pairs share on
average only half of their genes, and their nevus counts are considerably less correlated (r =
0.60, Figure 1; Zhu et al., 1999).

The nevus data in Figure 1 are informative beyond heritability. The range of nevus counts in
that sample of 12-yr-old Queensland twins was very large (1 to 350+ nevi; Zhu et al., 1999).
A parallel study using identical methodology but conducted in the United Kingdom [an
environment of markedly lower solar irradiance (Diffey and Gies, 1998)] yielded almost
identical correlations for MZ (r = 0.94) and DZ (r = 0.61) twins but reported substantially
lower nevus counts (Wachsmuth et al., 2005). These paired studies of nevus heritability
conducted in environments of markedly different insolation show that within fair-skinned
populations, there exist some people with a high propensity to develop melanocytic nevi,
while others have a low propensity, regardless of the ambient solar environment in which
they are raised. Thus, genes appear to determine a person’s potential for nevus development,
and the final expression of this potential is determined to some degree by that person’s
exposure to sunlight. Efforts to locate the genes that influence nevus number are
intensifying, with a number of candidates identified through genome-wide approaches
(Falchi et al., 2009). Moreover, there is evidence emerging that at least one of these loci
(thought to be MTAP) may also be associated with melanoma risk (Bishop et al., 2009).

Epidemiological summary
The accumulated data from epidemiological studies make a compelling case that different
subtypes of cutaneous melanomas may be defined through different combinations of causal
factors operating at different times in the evolution of the cancer. Those causal factors for
which the evidence for heterogeneous effects is strongest include the pattern and dose of sun
exposure and the age and phenotype of the host. Factors for which the evidence is rapidly
emerging include the anatomic location of the pigment cell (potentially related to the tissue
microenvironment of the developing pigment cells, as described below) and the
constitutional genotype of the host. The following section extends the concept of melanoma
heterogeneity by exploring whether the pathways to melanoma might be reflected in
disruptions to molecules that control critical functions within the pigment cell.

Molecular aspects
The marked differences in the role of UV radiation and clinical phenotype as causal factors
for melanoma according to body site distribution suggest differences in underlying genetic
aspects, constitutional and somatic, of the disease. Over the last decade, significant progress
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has been made in uncovering critical somatic alterations, discoveries that are beginning to
revolutionize the treatment of melanoma. It has also become apparent that specific genetic
alterations are associated with particular clinical and histopathological features of the
disease, suggesting that they will be helpful in refining existing disease classification
schemes.

RAS and melanoma
The first melanoma oncogene to be identified was RAS (Albino et al., 1984, 1989), with
NRAS being the most frequently affected RAS family member. The frequency of NRAS
mutations is approximately 15% in most melanoma types, while HRAS or KRAS are
infrequently mutated. This distribution differs from the overall RAS mutation frequency in
cancer, in which KRAS is by far (85%) the most commonly mutated RAS allele (Downward
2003). van Elsas et al. (1996) found that one of 68 melanomas analyzed had an HRAS
mutation and none had any KRAS mutation, and Curtin et al. (2005) found one HRAS
mutation and no KRAS mutations in 126 primary melanomas of different types. Whether
specific types of melanoma have a higher frequency of NRAS mutations is not entirely
resolved. Earlier studies by van‘t Veer et al. (1989) and Ball et al. (1994) found a higher
frequency of NRAS mutations in melanomas on sun-exposed sites (Ball et al., 1994; van‘t
Veer et al., 1989). In a subsequent larger study of 175 primary tumor samples, 63
metastases, and 32 cell lines, van Elsas et al. (1996) also found the highest incidence of
mutant NRAS in tumors arising on body sites such as the face or head (22%), compared
with the limbs (15%) or the trunk (11%). By contrast, other studies did not find a significant
association of NRAS mutations with anatomical site of origin or degree of sun exposure of
the primary as assessed by the degree of solar elastosis in the adjacent skin (Broekaert et al.,
2010; Curtin et al., 2005; Viros et al., 2008; Wagner et al., 1995).

Similarly, some studies reported NRAS mutations associated with certain histopathological
subtypes, while others found no such associations (Lee et al., 2010). van Elsas et al. (1996)
reported a higher mutation frequency in NM (28%) and LMM (23%), compared with SSM
(14%), and Saldanha et al. (2006) found six of eleven (55%) NMs had NRAS mutations. By
contrast, several larger studies did not see higher frequencies of NRAS mutations in NM or
LMM than in SSMs (Broekaert et al., 2010; Curtin et al., 2005; Viros et al., 2008). In part,
these discrepancies may be attributable to the lack of certainty with which the diagnosis of
NM can be made. The original definition stipulates that any RGP flanking the VGP should
not exceed more than three rete ridges into the flanking epidermis. This assessment is often
impractical as the entire specimen may not be available for histologic inspection and only a
small fraction of the circumference is typically examined to assess the degree of
circumscription. Finally, NRAS mutations were initially reported to be associated with
tumor thickness and level of invasion, but such associations have not been consistently
observed throughout studies (Ball et al., 1994; Demunter et al., 2001; Edlundh-Rose et al.,
2006; van Elsas et al., 1996; Omholt et al., 2002; Poynter et al., 2006).

BRAF and melanoma
Contrasting with the findings for NRAS, BRAF mutations, originally discovered in
melanoma cell lines (Davies et al., 2002), have been reproducibly associated with specific
clinical and histopathological characteristics of melanoma. Multiple studies have shown that
patients with BRAF-mutated melanomas are significantly younger than patients with
melanomas without BRAF mutations (Edlundh-Rose et al., 2006; Goel et al., 2006; Liu et
al., 2007; Maldonado et al., 2003; Thomas et al., 2007). Furthermore, BRAF-mutant
melanomas are more commonly of the SSM subtype (Broekaert et al., 2010; Curtin et al.,
2005; Lang and MacKie, 2005; Liu et al., 2007; Maldonado et al., 2003; Saldanha et al.,
2006; Sasaki et al., 2004; Thomas et al., 2007; Viros et al., 2008) and arise more commonly
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on the trunk (Broekaert et al., 2010; Curtin et al., 2005; Edlundh-Rose et al., 2006; Lang and
MacKie, 2005; Liu et al., 2007; Maldonado et al., 2003; Thomas et al., 2007; Viros et al.,
2008) and on the intermittently rather than chronically sun-exposed skin (Broekaert et al.,
2010; Curtin et al., 2005; Davison et al., 2005; Deichmann et al., 2006; Lang and MacKie,
2005; Liu et al., 2007; Maldonado et al., 2003; Poynter et al., 2006; Thomas et al., 2007;
Viros et al., 2008). Several studies have also shown that BRAF-mutant melanomas are more
pigmented than melanomas without BRAF mutations by histopathological (Viros et al.,
2008; Broekaert et al., 2010) and clinical inspection (Liu et al., 2007).

BRAF mutations are also commonly found in acquired melanocytic nevi (Pollock et al.,
2002), and as these nevi tend to arise in the first two decades of life, it is likely that BRAF-
mutant melanomas and nevi may be part of the same spectrum of melanocytic neoplasia. In
support of this notion, several studies have found that BRAF-mutant melanomas are more
likely to be associated with the presence of multiple melanocytic nevi on the patients’ skin
than melanomas without BRAF mutations (Maldonado et al., 2003; Poynter et al., 2006;
Thomas et al., 2007). This suggests that BRAF mutation is an early event that by itself is
insufficient to cause melanoma. Further genetic alterations have to be acquired by the
BRAF-mutant melanocytes within a nevus to result in melanoma formation, a process that
takes additional time and could explain the difference in latency between the appearance of
nevi in the first two decades and melanomas, typically in the third decade and later. The
observation that the BRAF mutation frequency decreases in older individuals indicates a
window of vulnerability to develop these mutations early in life (Curtin et al., 2005),
consistent with epidemiological findings discussed above.

A detailed morphologic analysis of primary melanomas revealed that a combination of
phenotypic features of the RGP of a primary tumor had a higher predictive value for the
presence of a BRAF mutation than the histologic subtype of melanoma or any of the other
features listed above (Viros et al., 2008). These features were the presence of upward scatter
of intraepidermal melanocytes, predominance of melanocytes arranged in nests rather than
single cells, and the degree of melanization of the constituent melanocytes. The associations
between clinical and histopathological features were confirmed in a separate cohort in an
independent multiobserver study (Broekaert et al., 2010). In both studies, BRAF-mutant
melanomas were also found to be more likely to metastasize to regional lymph nodes than
melanomas without BRAF mutations.

In aggregate, the reproducible association with younger age, clinical and histopathological
features, and pattern of metastasis strongly suggest that melanomas with BRAF mutation are
part of a biological subtype of melanoma. It is likely that this subtype is not fully defined by
the BRAF mutation status, even if all activating mutations were considered. (Most studies
have analyzed only exon 15 or codon 600.) The oncogenic alterations equivalent to BRAF
or NRAS are not known in a substantial proportion of melanomas, and it is to be expected
that there are other mutations or combinations thereof that are functionally equivalent to
BRAF mutation and therefore result in (or are associated with) similar phenotypic
alterations. This was suggested in a recent study in which melanomas that were predicted to
be BRAF mutant based on the three features listed above, but that did not have BRAF or
NRAS mutations, and were also more similar in other features associated with BRAF
mutations (Broekaert et al., 2010). It remains to be demonstrated whether these ‘BRAF-like’
melanomas have other genetic or biological similarities to melanomas with BRAF
mutations.

KIT and melanoma
Mutations in KIT are found in melanomas arising on glabrous skin or the nail apparatus, the
mucosa, or skin with cumulative sun-induced damage (CSD melanomas) and are relatively
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absent in melanomas on skin without chronic sun-induced damage (Beadling et al., 2008;
Curtin et al., 2006). In the melanoma types in which KIT mutations are found, BRAF
mutations are relatively uncommon, and therefore, the two mutation spectra represent
somewhat of a mirror image of each other. Acral and mucosal melanomas and melanomas
on chronically sun-damaged skin have several features in common. Their incidence rises
with age—as opposed to melanomas with BRAF mutation which peak around 50 yr of age
—and they frequently show a lentiginous growth pattern, i.e., a growth pattern in which
intraepidermal melanocytes are arranged as solitary units rather than nests within the basal
layer or the epidermis. The melanomas in these categories tend to have in situ components
that tend to be poorly circumscribed, with melanocytes gradually decreasing in number
toward the periphery of the lesion, making it difficult or impossible for pathologists to
evaluate excision margins. For acral melanomas, a pronounced field effect has been
demonstrated in which melanocytes that are genetically abnormal, but histopathologically
bland, can extend more than a centimeter into the seemingly normal skin adjacent to the
melanoma. These attributes are in contrast to those found in melanomas with BRAF
mutations, which tend to have a sharply demarcated intraepidermal component (Viros et al.,
2008). The poor circumscription is likely to be due to an increased lateral mobility of the
neoplastic melanocytes, which can be functionally linked to KIT pathway activation
(Alexeev and Yoon, 2006). The SCFKIT signaling pathway is essential during melanocyte
migration from the neural crest to the skin via the dorsolateral pathway, and reactivation of
this pathway may therefore induce a histopathological growth pattern that reflects increased
cell motility. The propensity for lateral migration in these melanoma types is also a plausible
explanation for their notoriety to persist locally, i.e., recur at the excision site after an
apparently complete excision. As opposed to the melanomas with BRAF mutation, acral,
mucosal, and CSD melanomas tend not to arise in association with melanocytic nevi.
Instead, they are characterized by a period of prolonged intraepidermal growth, which can
last many years before an invasive component develops.

Despite the similarities between acral, mucosal, and CSD melanomas outlined above,
several clear differences have been observed. Acral and mucosal melanomas both have a
distinctive type of genomic instability that results in numerous focused gene amplifications
and deletions scattered throughout the genome (Bastian et al., 2000, 2003; Curtin et al.,
2005; van Dijk et al., 2003). Fluorescence in situ hybridization studies in acral melanoma
indicate that these gene amplifications arise very early during progression, as they can
already be identified in the in situ portions and the subtle extension of those in situ portions
that escapes histopathological detection (field cells; Bastian et al., 2000; North et al., 2008).
The mechanism underlying this marked instability is currently not understood. Comparisons
of the aberration patterns between different tumor deposits from the same patient have
yielded relatively stable patterns of aberrations, suggesting a transient period of genomic
instability early in the development of these melanomas (Bastian, unpublished). This could
be related to breakage–fusion–bridge cycles during telomere crisis or the recently described
phenomenon of chromothripsis (Stephens et al., 2011). In both scenarios, chromosomes
break repeatedly, forming complex rearrangements. In the case of telomere crisis, the
breakages are thought to arise over several generations of cell divisions or, in the case of
chromothripsis, as a single dramatic event shattering regions of a chromosome that are
subsequently being patched together by the DNA repair machinery. Amplification of the
genomic region harboring the catalytic subunit of telomerase has been observed in acral
melanoma (Bastian et al., 2000; Curtin et al., 2005) and has been shown to coincide with the
development of the vertical growth phase in some cases (North et al., 2008). While
amplifications can also be found in a subset of melanomas arising outside of acral or
mucosal sites, they typically develop late during progression, do not arise in multiplicity
across the genome, and are not detectable in the early progression phase of these
melanomas. Despite the relative paucity of BRAF mutations and the presence of KIT
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mutations that are shared between acral, mucosal, and CSD melanomas, the latter category
is set apart by the absence of the numerous high-level amplifications that are found
consistently in acral and mucosal melanomas. Furthermore, the genomic regions affected by
amplification or other copy number changes differ between the two types, suggesting that
acral and mucosal melanomas are biologically distinct. For example, amplifications in acral
melanomas most frequently involved chromosome 11q13, centering on the cyclin D1 locus,
as well as hTERT on chromosome 5p. By contrast, cyclin D1 is infrequently amplified in
mucosal melanomas, where amplifications frequently involve the CDK4 and MDM2 locus
on chromosome 12q (Curtin et al., 2005).

G-protein mutations in melanoma
Recently, mutations in G-proteins of the Gαq family of GTPases have been described in
certain subsets of melanocytic neoplasia. G-proteins operate as a heterotrimeric complex of
alpha, beta, and gamma subunits downstream of G-protein-coupled receptors, where they act
as a molecular switch, relaying extracellular signals transduced by the receptor to
intracytoplasmic effector proteins. A role for the two closely related Gαq family members
Gq and G11 (encoded by the genes GNAQ and GNA11, respectively) in melanocyte biology
was suggested because hypermorphic mutations in both genes were found to result in skin
darkening in a mutagenesis screen in mice (Van Raamsdonk et al., 2004). A subsequent
study in benign and malignant melanocytic neoplasms identified recurrent mutations of
GNAQ in blue nevi and uveal melanomas (Van Raamsdonk et al., 2009). The mutations
were different from the mutations initially found in the germline of mice, in that they
exclusively affected codon 209 and by consequence effectively crippled the GTPase activity
of GNAQ, leading to a GTP-bound, constitutively activated state. Subsequent studies have
confirmed that the mutations are likely to occur early in the progression of melanocytic
neoplasia, as suggested by their presence in benign nevi and the fact that they are not
associated with outcome (Bauer et al. 2009; Onken et al. 2008). GNAQ mutations have also
been identified in melanocytomas of the central nervous system, benign melanocytic
neoplasms closely resembling blue nevi (Küsters-Vandevelde et al., 2009). A more recent
study has identified recurrent mutations of GNA11 in the same spectrum of melanocytic
neoplasms in which GNAQ mutations are observed, albeit with different mutation
frequencies (Van Raamsdonk et al., 2010). While GNAQ mutations are common
(approximately 80%) in blue nevi and less common in malignant tumors, GNA11 mutations
are most common in uveal melanoma metastases, with a substantially lower mutation
frequency in blue nevi (<10%), suggesting that it may have more powerful oncogenic effects
than GNAQ. Strikingly, the mutations in GNAQ and GNA11 are restricted to blue nevi and
uveal melanomas, with virtually no mutations in other benign or malignant melanocytic
neoplasms harboring these mutations (Van Raamsdonk et al., 2009, 2010). To date,
additional searches for GNAQ and GNA11 mutations have yet to yield other human
neoplasms with recurrent mutations of these two Gαq family members (Eom et al., 2009;
Lamba et al., 2009).

Clues to melanoma diversity from melanocyte development
The striking epidemiological, clinical, histopathological, and genetic differences observed
for melanomas raise the possibility that they are related to properties inherent to the
precursor cells from which melanomas derive, the melanocyte lineage. Differences in the
susceptibility of melanocytes to becoming cancerous might be related to differences in
developmental origins of melanocytes, different states of embryonic development, or
differences in environments through which melanocytes migrate and differentiate. What
follows are a series of issues that are the focus of current research and which may yield
fundamental insights as to how melanomas arise.
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Melanocytes derive from different developmental pathways
The most visually apparent location of melanin pigment-producing cells is in the
integument, resulting in profound hair and skin coloration variations. However, pigment
cells are found throughout the body including, but not limited to, the eye (uvea and retinal
pigment epithelium), inner ear (stria vascularis), central nervous system (leptomeninges,
substantia nigra), heart, and muscle. Some of these pigment-producing cells are derived
from the central nervous system, including the retinal pigment epithelium and the substantia
nigra. The majority of the other pigment cells are melanocytes having a common embryonic
origin, the neural crest (Rawles, 1947). As outlined below, even our definition of some of
the cells broadly classified as melanocytes may have to be revised as studies have
demonstrated histologic and functional differences between melanocytes found throughout
the organism.

The neural crest from which melanocytes derive is a transient population of migratory and
multipotent cells that also gives rise to Schwann cells and neurons of the peripheral, enteric,
and cranial nervous system, bone, cartilage, and adrenal and mesenchymal derivatives.
Melanocytes have traditionally been described as arising later than other derivatives and
migrating along a pathway on the most exterior surface of the fetus through the presumptive
dermal skin with subsequent entry into the epidermal layer. It has also been proposed that
melanocytes can populate the skin via migration along peripheral nerve projections that
terminate within the skin (Cramer, 2009). Recent developmental studies using model
organisms and lineage tracing have been able to trace melanocytes arising from migration of
a multipotent precursor cell along nerve projections. These cells are retained in a ‘stem cell’-
like state until competitive signaling at the nerve termini promotes these cells to differentiate
into melanocytes (Adameyko and Lallemend, 2010; Adameyko et al., 2009). In mice, the
choice to become Schwann cell versus melanocyte is governed by multiple factors including
inhibitory and promoting pathways. For example, Neuregulin–ERBB3 signaling, while not
needed for initial melanoblast development, is involved in inhibiting precursors cells to
differentiate into melanocytes (Adameyko et al., 2009; Buac et al., 2009) and in the
regulation of skin pigmentation (Choi et al., 2010) and is altered in melanoma (Buac et al.,
2009). As melanocytes migrate and differentiate, they interact with multiple cell types
before settling in their final locations. For example, melanocyte precursors migrating along a
dorsolateral pathway first interact with mesenchymal cells; subsequently, they translocate to
the epidermis where they interact with epidermal cells, including keratinocytes. The
differentiation of a melanocyte from the neural crest is also likely to involve intermediates
with the potential to differentiate into multiple cell types. While these intermediates have not
clearly been identified in vivo, neural crest cells of several different lineages can be induced
toward a melanocyte lineage in vitro following appropriate stimuli in the tissue environment
(Dupin and Le Douarin, 2003; Le Douarin et al., 2004). The developmental potential of the
neural crest also varies along the axis. While the neural crest of all regions can give rise to
melanocytes, cephalic regions also give rise to neuronal, glial, and mesodermal cells. Neural
crest cells in the trunk region have more restricted destinies, not being able to give rise to
mesodermal tissues. The most caudal neural crest cells have the most restrictive lineages,
also losing capacity to give rise to neurons (Catala et al., 2000). Given that melanocyte
precursors develop from differing rostral–caudal portions of the neural tube and encounter
different tissue environments along their developmental pathways, it is also likely that
epigenetic modifications occur, which may still present as signatures within the
melanocytes. Taken together, these differences in melanocyte development may also
partially explain the variation of melanocyte populations to genetic insults.
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Melanocytes are influenced by anatomic locations
Work by several groups has demonstrated that while the density of epidermal melanocytes
for a given anatomic region is symmetrical within one individual, there is extensive
variation both between individuals and interestingly across body regions within an
individual (Gilchrest et al., 1979; Mitchell, 1963; Quevedo et al., 1965, 1969; Staricco and
Pinkus, 1957; Szabo, 1954, 1967; Whiteman et al., 1999). Anatomical regions with the
highest density of melanocytes are the genitalia (higher density in the men) and the head and
neck area, followed by regions with intermediate density such as the back and limbs, while
chest and abdomen have the lower densities. While some of these differences in melanocyte
density may be secondary to environmental exposures such as UV exposure, it is likely that
there are also inherent differences in these regions owing either to cellular interactions or to
differential growth of the body. The head, for example, is proportionally large at birth and
therefore grows in area less so than other body parts. In contrast, the limbs and trunk must
expand. One might imagine that regional differences in the rates of expansion of body
surfaces would translate into different rates of melanocyte proliferation as they strive for
confluence. Both the abundance of melanocytes at a given location and the relative rates of
proliferation of these cells during the course of growth may influence the frequency of
melanoma occurrence and the types of pathways involve.

In the skin, melanocytes do not act in isolation but rather have extensive interactions with
keratinocytes, Langerhans cells, and fibroblasts. Interactions include not only the transfer of
melanin to keratinocytes, but extensive cytokine, hormonal, and growth factor signaling. It
has been shown that co-cultures of fibroblasts with melanocytes can influence proliferative
and pigmentary functions (Choi et al., 2010; Yamaguchi et al., 2007, 2008). For example,
the less pigmented palmoplantar skin is proposed to result from an increased expression by
fibroblasts of DKK1. DKK1 is an inhibitor of canonical Wnt signaling, which in turn
modulates the growth and differentiation of melanocytes. Can similar interactions explain
other regional differences? Comparison of gene expression profiles of human fibroblast
populations from different anatomical sites has demonstrated that expression patterns vary
according to location across the body surface (Rinn et al., 2006). In fact, patterns of gene
expression of skin fibroblasts can be used to distinguish between cells derived from three
broad locations: the rostral–caudal axis, the proximal–distal axis, and the dermal–non-
dermal axis. Therefore, it is possible that differences in susceptibility to melanoma may be
indirectly due to regional differences in supporting cells such as the fibroblasts or
keratinocytes to maintain the melanocytes in a quiescent state.

Melanocytes exhibit differing morphologies
Within the integument, melanocytes can be observed at numerous locations: the basal layer
of the dermal–epidermal junction, within hair follicles and interfollicular spaces of the
epidermis, in sebaceous glands, and within the dermis. One might assume that all
differentiated pigment producing cells were identical; however, several studies have
demonstrated that melanocytes observed in each separate location have distinctive
morphological and functional properties. Even within an anatomical region, variation in
morphology has been noted. Szabo (1954) described two morphologically distinct types of
melanocytes within the epidermis of the human cheek. One class of melanocytes exhibited a
large cell body and multiple branches of dendrites, whereas a second class of melanocytes
demonstrated a much smaller cell body. In addition to these histologically distinguishable
melanocytes, less apparent, non-pigmented cells capable of forming melanocytes are also
present. For example, melanocyte stem cells located within the bulge region of the hair
follicle are needed to replenish follicular melanocytes after each hair cycle (Nishimura et al.,
2002). Stem cells with multi-lineage potential can be derived from skin and induced to
differentiate into melanocytes (Sviderskaya et al., 2009), and cells isolated with melanoblast
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markers can be induced along multiple lineages including melanocytes. Evidence is also
mounting for a stem cell residing in the dermis and/or peripheral nerve projections that can
give rise to the epidermal melanocytes (Cramer, 2009; Li et al., 2010).

Melanocytes in differint anatomical locations can also exhibit differences in gene expression
(Medic et al., 2010). In cranial regions of developing embryos, melanoblasts near the neural
tube express KIT and subsequently express MITF when migrating. In the trunk, both KIT
and MITF are expressed in melanoblasts observed near the neural tube (Opdecamp et al.,
1997; Wilson et al., 2004). Furthermore, differences are found between melanocytes within
different microanatomic regions of the skin: dermal, epidermal, follicular, and stem cell
melanocytes exhibit differing cadherin expression during development and postnatally
(Jouneau et al., 2000; Nishimura et al., 1999), and GSTA4 is specifically expressed in stria
vascularis melanocytes but not other melanocyte subtypes (Uehara et al., 2009).

The differences observed between melanocytes from different sites through gene expression
and morphologic studies are also supported by functional studies. Gain-of-function
experiments using transgenic mice showed that overexpression of endothelin 3 and HGF
results in increased dermal melanocytes, while KITL overexpression results in increased
numbers of interfollicular melanocytes (Aoki et al., 2009; Kunisada et al., 1998).
Misexpression of the metabotropic glutamate receptor GRM1 in melanocyte lineage also
results in an increased dermal melanocyte expansion, pigmentation, and nevus formation
(Pollock et al., 2003). Interestingly, both ENDRB, the receptor for endothelin 3, and GRM1
are G-protein-coupled receptors that signal through Ga subunits of the Gq family of which
two members, GNAQ and GNA11, are frequently mutated in intradermal proliferations and
uveal melanoma. These comparisons suggest that epidermal and dermal melanocytes require
or respond to different functional growth factors. In support of this idea, a modest reduction
in KIT signaling affects melanocytes in uvea, cochlea, and Harderian gland much less than
melanocytes in the skin (Aoki et al., 2009). Using in vivo and in vitro analyses with
inhibitors for KIT, EDNRB, and MET signaling, it has been proposed that cutaneous
epidermal melanocytes are more dependent on KIT signaling, whereas cutaneous dermal
and non-cutaneous melanocytes are more dependent on EDNRB and MET signaling (Aoki
et al., 2005, 2009, 2011).

Melanocyte subtypes have also been proposed by analysis of cells early in development.
Boissy et al. (1990) used an interesting chicken mutant, called recessive albino, to assess the
relationship of uveal and feather follicular melanocytes. This mutant has pigmented uveal
melanocytes but albino feather melanocytes. Culturing neural crest cells isolated from the
recessive white mutant chick embryos results in both albino (presumed epidermal) and
pigmented (presumed uveal) melanocytes, supporting an intrinsic difference between the
two populations that is not overcome by culture conditions. Separating these two
populations by FACS analysis demonstrated that these two populations retained their fate.
These two cell types were found to be derived throughout the rostral–caudal axis, yet in
vivo, they were found only in the uvea. Boissy proposes that they represent evolutionary
remnants, originally used by amphibians and reptiles as dermal derivatives for colorations,
but which are no longer needed in haired species. This could be due to selective
environments for epidermal and dermal melanocyte growth factors.

Activation of genetic pathways affects subsets of melanocyte derivatives
As described previously, genetic analyses have found that mutations in specific pathways
are more prevalent in some melanoma subtypes than others. For example, mutations in uveal
melanoma, blue nevi and central nervous system harbor mutations in GNAQ and GNA11,
but typically lack mutations in the BRAF, NRAS, or KIT pathways. Is it that the GTPase
pathway genes are particularly prone to mutate in uveal, dermal, and CNS melanoma
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precursors, or rather that certain pathways are constitutively activated only in certain
sublineages of melanocytes? Functional studies of melanocyte development and analysis of
mutations in animal models support the latter conjecture.

In animal models, many mutations exist that affect melanocyte development and function. If
specific pathway mutations act only within some subsets of melanocytes (as proposed
above), then one would expect to see distinct patterns of melanocyte defects and melanoma.
In fact, this seems to be the case. From genetic screens for darker skin and hair in mice,
mutations have been identified that result in elevations of melanocyte numbers in dermal
versus epidermal compartments (Fitch et al., 2003; Van Raamsdonk et al., 2004). For
example, mutations of the GTPases, Gαq, and Gα11, which act downstream of EDNRB,
cause dermal hyper-pigmentation owing to expansion of dermal melanocytes. This is
consistent with the observation that overexpression of the EDNRB ligand, ET3, causes an
increase in the number of dermal melanocytes (Garcia et al., 2008). In contrast,
overexpression of KITL either through transgene expression (Kunisada et al., 1998) or by
mutations in ribosomal proteins RPS19 and RPS20 (McGowan et al., 2008) leads to
increases in the number of epidermal melanocytes. Notch signaling has been shown to be
necessary for maintenance of epidermal melanocytes, while dermal and uveal melanocytes
are not affected by loss of Notch (Schouwey et al., 2007). These findings clearly indicate
that subsets of melanocytes respond to activation of distinct pathways, supporting the
hypothesis of different sublineages of melanocytes. This does not appear to be the case for
all genetic mutations however, as overexpression of mutant BRAFV600E in mouse
melanocytes affects both dermal and epidermal melanocytes (Dankort et al., 2009; Dhomen
et al., 2010).

The emerging subtypes of melanoma: a synthesis
This historical account has shown that by the late 1990s, the accumulating data rendered a
‘single common pathway’ model to explain the development and behavior of all cutaneous
melanomas untenable. In a first attempt to explain the complex epidemiological features of
melanoma, a simple two-pathway model was proposed, which incorporated accepted risk
factors (sunlight, nevi, pigmentation) with the newer concept of melanocytic proliferative
potential (Whiteman et al., 1998) (Figure 2). The model posited that among people with high
nevus counts (presumed to have melanocytes with inherently high proliferative potential),
sun exposure is required to initiate melanoma development, after which other host factors
drive progression to cancer. In contrast, among those with low nevus counts, it was
postulated that chronic exposure to sunlight is necessary to drive melanocytes to develop
into melanomas. The hypothesis predicted that, all other things being equal, melanomas in
the former group would arise on sites with large populations of ‘unstable’ or ‘proliferative’
melanocytes, whereas melanomas in the latter group would arise most often on habitually
sun-exposed anatomical sites.

A number of studies have since provided support for this hypothesis with the general
observation that patients with melanomas on the trunk are significantly younger and more
likely to have high nevus counts than patients with melanomas on the head or neck but are
significantly less likely to have evidence of high levels of cumulative sun exposure
(Newton-Bishop et al., 2010; Olsen et al., 2009; Whiteman et al., 2003, 2006). The notion of
at least two different types of melanoma on the sun-exposed skin was independently
confirmed by the molecular studies associating BRAF and KIT mutations with distinct
clinical and histopathological features. While the precise delineating criteria of the
melanoma subsets have yet to be formulated, the following subtypes emerge (Figure 3):
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Melanomas arising from epithelial melanocytes
CSD melanomas—Chronic sun damage (CSD) melanomas represent the second most
common type of melanoma in peoples of European descent and start to arise after the fifth
decade of life, with an incidence progressively increasing with older age. They primarily
affect the chronically sun-exposed skin of the head and neck, face, and distal and dorsal
extremities. The surrounding skin typically shows marked solar elastosis. They typically do
not arise in association with a precursor melanocytic nevus or in patients with numerous
melanocytic nevi. Instead, afflicted patients often have other cutaneous neoplasms
associated with chronic sun exposure such as actinic keratoses, solar lentigines, or other
types of non-melanoma skin cancers. Together, these findings suggest that CSD melanomas
require high cumulative doses of UV radiation to develop.

Microscopically, these melanomas show a radial growth phase comprised of melanocytes
arranged as solitary units with poor lateral circumscription. Molecularly, CSD melanomas
have a lower prevalence of mutant BRAF than non-CSD melanomas, with 30–40% showing
mutations in KIT or NRAS, and a considerable proportion likely to have mutations in as yet
undiscovered oncogenes. Similar to the other melanoma categories that also have activation
of the KIT pathway (acral and mucosal types), CSD melanomas tend to be poorly
circumscribed, with areas of melanoma in situ gradually fading into the non-lesional skin. It
is conceivable that the lentiginous growth pattern prevailing in these melanoma types
reflects the effects of activated KIT signaling on melanocyte migration.

Non-CSD melanomas—This subtype represents the most common type of melanoma in
people of European descent. The incidence of non-CSD melanomas peaks somewhere
around 50 yr of age and decreases with older age. They arise primarily on the intermittently
sun-exposed skin of the trunk and proximal extremities on individuals with multiple
melanocytic nevi. The lesions tend to be pigmented and microscopically are composed of
larger, slightly pigmented melanocytes that are arranged primarily in nests and display
upward intraepidermal scatter in their radial growth phase. On a molecular level, these
melanomas, as well as the melanocytic nevi associated with this phenotype, are
characterized by a high frequency of BRAF mutations (about 70%). The definition using the
degree of solar elastosis is provisional, as it likely to represent a complex trait influenced by
cumulative UV exposure, age, anatomical site, and constitutional factors (likely but not
limited to skin pigmentation and tanning ability). A recent study showed evidence that a low
level of solar elastosis is independently associated with BRAF mutation status, but it
remains unclear what the underlying mechanisms are. In general, the non-CSD category
strongly overlaps but is not identical with SSM. ‘Non-CSD melanoma’ is a broader concept
that includes all melanomas arising on skin without marked chronic sun-induced damage,
including those that would be classified histopathologically as NM. Previous studies
suggested that the category of NM, while clinically a well-recognized phenomenon,
identifies variants of melanoma on a subordinate taxonomic level (Broekaert et al., 2010).
Biologically, NMs represent lesions with an accelerated transition from RGP to VGP, but
they are heterogenous, as they can be seen in non-CSD, CSD, acral, and mucosal categories.

The association with melanocytic nevi, either directly adjacent to melanoma or elsewhere on
the body, is a striking feature of non-CSD melanoma. The nevi arise primarily in the first
two decades of life, with the melanomas starting to appear later, consistent with a model in
which they require additional genetic alterations to occur. As described above, nevus
number is a heritable trait. Thus, the finding of multiple, mutant BRAF-driven melanocytic
neoplasms—nevi and melanomas—developing relatively early in life and on areas of the
skin with comparatively little cumulative sun exposure implies a constitutional susceptibility
to this class of lesions (Curtin et al., 2005). One aspect of this heritability has been linked to
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constitutional variation of the melanocortin 1 receptor MC1R. Within the category of non-
CSD melanomas, germline polymorphisms in MC1R have been associated with BRAF
mutations in several studies (Fargnoli et al., 2008; Landi et al., 2006), raising the possibility
that altered signaling downstream of the melanocortin receptor may be one of several
possible factors contributing to this susceptibility. Of note, the association of BRAF
mutations with MC1R variants appears strictly confined to the setting of non-CSD
melanomas. As MC1R variants are even more common in people with CSD melanomas and
because CSD melanomas are driven by mutations other than BRAF, analyses of data sets
that include CSD melanomas may miss the association with BRAF mutation or even detect
an inverse association (Scherer et al., 2010). This suggests further, unexplored heterogeneity
within the category of non-CSD melanoma, one in which BRAF is associated with variation
of MC1R, and another in which wild-type MC1R is associated with NRAS and other, yet to
be discovered, oncogenic alterations.

The fact that the BRAF-driven melanocytic neoplasms appear to be initiated during a
window early in life is intriguing and deserves further study. A possible explanation of this
period of vulnerability for BRAF-mutated neoplasms could be related to the massive
numeric increase of melanocytes during the expansion of the skin surface during the growth
of the body in the first two decades. During childhood and adolescence, the surface areas of
the trunk and extremities expand relatively more than the head, which is proportionally
larger during early life. Assuming that the relative densities of melanocytes remain constant
during this growth period, melanocytes (or their progenitors) must proliferate substantially
at rates proportional to the relative surface expansion of the respective body areas. It is
attractive to speculate that this prolonged period of homeostatic proliferation may set up a
state of vulnerability for the effects of mutant BRAF. According to this model, some of the
variation of nevus density across body areas (higher on trunk and extremities compared to
the head) could be related to the differences in surface expansion and concomitant
melanocytic proliferation.

Acral melanomas—These melanomas originate from the glabrous skin of the palms,
soles, and the nail apparatus and occur at similar incidences across all world populations.
Their anatomical distribution and epidemiology suggest that UV radiation is not a causal
factor. Molecularly, BRAF mutations are observed at lower frequency than for non-CSD
melanomas, with about 20% having mutations in KIT and about 50% likely to have
mutations in yet to be discovered oncogenes. Acral melanomas are characterized by an
unusual degree of genomic instability that is already present in their very earliest
manifestation and results in frequent focal amplifications. The cyclin D1 locus on
chromosome 11q13 is the most frequently amplified site and occurs in 40% of cases (Sauter
et al., 2002).

As a result of a shared anatomical attribute of acral skin and mucosa—both lack hair
follicles—the melanocytes at these sites may differ from melanocytes of non-glabrous skin
in ways which might explain the characteristic patterns of genomic instability observed for
these classes of melanomas. Hair follicles are the only known niche for melanocyte stem
cells (unless this function is performed by some other anatomical compartment in these
sites). If no stem cell compartment exists in these sites, then melanocytes would be expected
to have exceptionally long life spans and, by consequence, subjected to more replicative
stress and telomere exhaustion. Such conditions would favor chromosomal damage over
other types of genomic aberrations.

Mucosal melanomas—These melanomas originate from the non-stratified epithelia of
the oropharynx, paranasal sinuses, tarsal conjunctiva, and anogenital area. Similar to acral
melanoma, mucosal melanomas show a high degree of genomic instability with frequent

Whiteman et al. Page 17

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2012 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amplifications. However, the genomic regions recurrently affected by these amplifications
differ from those found in acral melanomas. Cyclin D1 amplifications are less common than
in acral melanoma and, instead, amplification of the CDK4 locus on chromosome 12q are
frequently found (Curtin et al., 2005; van Dijk et al., 2003; Muthusamy et al., 2006).

Melanomas arising from melanocytes not associated with epithelia
As outlined above, melanocytic neoplasms can arise in the dermis or the uvea, without any
involvement of epithelial structures such as the epidermis, hair follicle, or mucosa. These
neoplasms fall into the categories of intradermal melanocytic neoplasms such as blue nevi
and related lesions (nevus of Ota, nevus of Ito) and melanomas arising from such nevi, as
well as uveal melanoma. In all types, mutations of G-protein alpha subunits of the Gq
family, GNAQ, and GNA11, are found in the majority of cases, and these mutations are
virtually absent in melanocytic neoplasms arising from epithelia-associated melanocytes.
These findings, together with the considerations about melanocyte development and
migration outlined above, suggest that they represent a distinct class of melanocytic
neoplasms, possibly arising from a different type of melanocyte. As described above, dermal
melanocytes are more dependent on endothelin and WNT signaling than KIT signaling and
can be expanded in number by activating these pathways. WNT receptors as well as
endothelin receptors both signal through Gαq subunits. Furthermore, GRM1 receptor
expression in mouse melanocytes results in the formation of blue nevi in mice (Pollock et
al., 2003). GRM1 also signals through Gαq family members. It is therefore likely that the
high frequency of mutations in signaling components of these pathways reflects the
dependence of these melanocytes on specific signaling pathways that utilize G-protein-
coupled receptors signaling via Gαq. The anatomical distribution of these lesions reaches
from primary melanocytomas of the central nervous system to segmental melanocytic
proliferations involving the first branch of the trigeminal nerve (nevus of Ota) or cervical
nerves (nevus of Ota) to the discrete lesions of blue nevi. This pattern may be due to the
acquisition of Gαq mutations during different time points of melanocyte development and
migration, where mutations arising early in this migration result in localized tumors of the
central nervous system, mutations arising during migrating melanoblasts result in
segmentally distributed lesions, whereas blue nevi and related neoplasms arise from
mutations of distal progeny of these melanocytes. Future studies will have to determine
whether peripheral nerves harbor an active pool of melanocyte stem cells that provides
melanocytes for the skin and can give rise to specific neoplasms, if transformed by
mutations in Gαq family members.

Uveal melanomas—Uveal melanomas originate from melanocytes of the choroid, the
ciliary body, or the iris. They are composed of spindle and/or epithelioid, highly pigmented
melanocytes. They have a unique pattern of metastasis with a propensity to bypass the
lymph nodes and metastasize directly to the liver. On a molecular level, they are
characterized by mutations in GNAQ or GNA11 with no mutations in BRAF, NRAS, or
KIT. Additional mutations in the histone de-ubiquitinase BAP1 arise later during
progression followed by loss of chromosome 3, eliminating the remaining wild-type BAP1
allele. Loss of BAP1 coincides with metastatic potential in uveal melanoma (Harbour et al.,
2010).

Blue nevi and melanomas arising from blue nevi—These neoplasms arise within
the dermis and typically spare epithelial structures, in contrast to the majority of melanocytic
neoplasms arising on the skin or mucosa, which typically arise within the epithelium.

Melanocytomas—These melanocytic neoplasms of the central nervous system closely
resemble blue nevi and also show frequent mutations in GNAQ and probably GNA11. They
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can pose differential diagnostic problems to melanoma metastases, and the detection of Gαq
mutations may help to establish the diagnosis.

Conclusions
Melanoma represents a group of distinct disease types. Several subtypes are emerging that
show differences in their anatomical distribution, age of onset, relationship to UV radiation,
and patterns of somatic mutations. Future studies have to refine the boundaries between
these subtypes, possibly distinguish additional subtypes, and fill in their respective
progression pathways from precursor lesions to manifest melanoma. Although incomplete,
the subtypes outlined above already provide practical guidance for the management of
patients and for the interpretation of research results. Because of the striking differences
between some of the subtypes, it appears obvious that they have to be regarded separately
when considering guidelines or recommendations for prevention, therapy, and
prognostication of melanoma, as what may apply to one type may not for the other. This
effect has been highlighted by the advent of molecularly targeted therapy but is clearly not
restricted to this area. Most, if not all, current treatment guidelines are formulated for
melanoma as if it were a single disease entity.

As we have highlighted, many important questions remain to be answered in how specific
environmental factors interact with melanocytes and how these interactions may vary
depending on the developmental state of the host and the type of melanocyte, its
differentiation, anatomical localization in the tissue, and its surrounding environment.
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Figure 1.
Correlations of nevus counts for 422 identical (MZ) and 762 fraternal (DZ) twin pairs in
Queensland, Australia (unpublished figure: Dr. Gu Zhu and Prof Nick Martin, Queensland
Institute of Medical Research).
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Figure 2.
Divergent pathway hypothesis for cutaneous melanoma. The divergent pathway hypothesis
proposed that one determinant of melanoma development is the propensity of the host to
develop nevi. For people with a tendency to develop large numbers of nevi, melanomas are
more likely to be initiated after only modest amounts of sun exposure, after which host
factors appear to largely drive further progression of the tumor. For people with little
tendency to develop nevi, repeated exposure to the sun appears necessary for melanoma
development. These ‘divergent pathways’ are likely to explain, at least in part, the diverse
anatomic distributions and risk factor associations observed for cutaneous melanomas.
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Figure 3.
The emerging subtypes of melanoma: a synthesis. The emerging subtypes of melanoma:
Melanomas can be subdivided into epithelia-associated (left panel) and non-epithelia
associated types (right panel). The left panel shows from the upper left clockwise non-CSD,
CSD, acral, and mucosal melanoma, and the right panel shows nevus of Ota, uveal
melanoma, melanoma arising within a blue nevus, and melanocytoma. The sun icons
indicate the relative cumulative UV exposure typical for the respective scenarios. The
cartoons underneath illustrate the intraepidermal growth pattern, and the font size for the
genes reflects their relative frequency for each type.
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